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SUMMARY 


This  report  describes  and  summarizes  the  technology  nei  ded  for 
the  design  and  installation  of  propellers  for  conventional  and 
V/STOL  airplanes.  The  report  is  contained  in  three  volumes. 
Only  the  theory,  met nods  and  data  that  are  representative  of 
current  design  practice  are  presented. 

Volume  I  (Aerodynamic  Design  and  Installation)  contains  data 
on  the  general  design  considerations,  criteria,  installation 
and  qualification  requirements  of  propellers.  Also  giver  in 
Volume  I  are  the  basic  momentum,  the  vortex  and  compren  e 
flow  propeller  theories.  These  theories  are  developed  pply 
for  the  operating  ranger  of  zero  to  those  corresponding  . j  Mach 
numbers  in  excess  of  one.  Two-dimensional  airfoil  data  for  use 
with  the  theories  are  also  presented.  Included  are  data  for 
NACA  16  and  6  series  sections  covering  thickness  ’os  from 
4%  to  21%.  Data  for  thick  airfoil  sections  and  *.  -  lar 
cylinders  are  also  given. 

The  detailed  strip  analysis  procedures  for  calculating  the 
performance  and  designing  the  propellers  are  also  presented. 
Included  is  a  method  for  calculating  the  optimum  propeller, 
short  methods  of  analysis  and  the  necessary  material  for  a 
computer  method.  Comparison  of  the  calculated  performance 
with  wind-tunnel  test  data  shows  excellent  agreement,  especi¬ 
ally  when  operating  in  the  usual  speed  range.  The  details  and 
actual  test  data  are  given  for  calculating  the  forces  and 
moments  at  high  shaft  angles  of  attack  along  with  the  methods 
for  finding  performance  at  the  negative  thrust  and  feather  con¬ 
ditions.  Material  is  given  for  the  design  of  spinners,  engine 
inlets  and  cowlings  for  the  proper  installation  of  the  propel¬ 
ler. 

Volume  II  (Structural  Analysis  and  Blade  Design)  contains  the 
theory  and  data  for  the  detailed  structural  and  vibration 
analysis  of  propellers.  Included  are  estimating  procedures  for 
initial  design  purposes.  The  details  for  designing  solid,  hol¬ 
low  and  composite  blades  are  included.  With  the  discussion  of 
the  blades  are  the  manufacturing  techniques  used. 

Volume  III  (Hub,  Actuator,  and  Control  Design),  the  final  volume, 
contains  material  on  the  design  of  the  hub  and  actuator  systems. 
Comparisons  of  the  various  types  of  blade  actuators  are  given 
along  with  their  description.  The  theories  of  propeller  con¬ 
trols  are  presented  with  the  details  of  the  types  used  with 
conventional  and  V/STOL  airplanes.  A  brief  discussion  of  past 
and  future  propeller  installations  is  given  along  with  recom¬ 
mendations  for  future  work.  The  material  given  in  the 
appendixes  contains  the  design  criteria,  airfoil  data  and  basics 
for  a  computer  program  to  calculate  performance. 
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FOREWORD 


The  report  completes  the  work  summarizing  the  basic  technology 
of  propellers  and  was  done  under  Contract  No.  DAAJ02-72-C-0033. 
The  objective  of  the  work  was  to  retain  for  future  use  as  much 
of  the  basic  propeller  design  and  analysis  technology  as  pos¬ 
sible.  The  material  was  prepared  from  the  basic  reports  con¬ 
tained  in  the  literature  and-material  gathered  through  working 
in  the  field  for  a  number  of  years.  The  material  presented  is 
based  on  the  experience  of  individuals  who  were  experts  in 
their  particular  fields. 

The  writer  acknowledges  with  thanks  the  support  and  help  of 
Messrs.  William  Amatt,  William  F.  Bates,  Edward  Sand  and 
Douglas  Elliott,  Jr.,  who  prepared  the  sections  on  propeller 
structures,  blade  design,  hub  and  actuator  design  and  control 
design  respectively.  It  is  hoped  that  the  work  contained  in 
this  report  can  serve  as  the  basis  for  future  propeller  devel¬ 
opments  and  will  eliminate  repetition  of  engineering  efforts 
that  have  already  been  completed. 
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INTRODUCTION 


The  technology  for  designing  high-performance  lightweight  pro¬ 
pellers  was  well  developed  up  to  1958.  The  procedures  and 
data  were  formulated  over  a  long  period  of  time,  especially 
from  1946  to  1955.  Propellers  were  designed  and  built  for  air¬ 
craft  using  engines  producing  up  to  15,000  horsepower  and  oper¬ 
ating  at  speeds  corresponding  to  a  Mach  number  of  0.8.  The 
propellers  were  designed  with  diameters  up  to  22  feet  and  had 
anywhere  from  two  blades  single  rotation  to  eight  blades  coun¬ 
ter  rotation.  Propellers  were  tested  at  tip  speeds  up  to  1.5 
Mach  number  and  forward  Mach  number  to  1.1.  The  propellers 
were  designed  to  use  either  solid  dural,  hollow  dural  or  hol¬ 
low  steel  blades  in  various  configurations.  Ultra  lightweight 
propellers  for  V/STOL  aircraft  were  designed  to  use  fiber  glass 
blades  of  several  types.  The  reliability  of  the  designs  and 
life  of  the  later  configurations  were  excellent,  and  blades 
have  been  built  with  an  operating  life  of  over  30, 000 "hours. 

Up  to  1958  the  Air  Force  had  been  procuring  high-performance 
turboprop  aircraft  and  had  been  actively  supporting  advanced 
propeller  development.  With  the  exception  of  the  activity  with 
V/STOL  aircraft,  propeller  development  was  terminated  by  the  Air 
Force  in  1958.  The  V/STOL  propeller  activity  did  result  in  a 
modest  R&D  effort  leading  to  the  lightweight  propellers  for 
such  aircraft  as  the  X-19,  XC-142  and  the  CL-84  airplanes. 

Work  has  also  been  done  by  the  Air  Force  in  the  development  of 
cyclic  pitch  propellers  for  tilt- wing  type  V/STOL  airplanes. 

The  Army  has  supported  studies  with  limited  hardware  component 
programs  for  the  development  of  ultra  lightweight  propellers, 
and  the  Navy  has  supported  work  in  the  variable  camber  field. 

During  World  War  II  the  propellers  were  designed  using  the 
available  technology  developed  prior  to  1940,  and  as  a  result  it 
was  possible  to  apply  only  the  available  data  for  new  designs. 
The  only  real  advances  made  in  technology  were  to  improve  cool¬ 
ing,  and  to  develop  reverse  thrust  propellers  for  dive  breaking 
and  water  handling.  The  research  to  improve  the  performance  of 
propellers  was  by  flight  testing,  using  speed/power  techniques, 
and  the  development  and  use  of  a  thrust  meter  for  a  recipro¬ 
cating  engine. 

During  the  early  forties  the  general  propeller  design  and 
method  of  analysis  used  were  on  the  whole  quite  crude.  For 
instance,  the  selection  of  propellers  for  a  new  airplane  was 
done  largely  using  single-point  methods  of  analysis.  The  blade 
geometry  was  determined  by  scalings  from  other  blades  of  known 
performance  characteristics. 

In  the  areas  of  blade  design  and  structural  analysis,  the 
methods  used  were  quite  crude.  The  development  of  new  blade 
designs  during  the  period  was  done  based  on  experience  and 
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empirical  approaches.  Little  was  known  about  problems  involved 
from  flow  angularity,  flutter,  engine-mount  stiffness,  or  other 
problems  as  a  result  of  engine  vibration.  The  suitability  of  a 
new  propeller  installation  was  determined  from  extensive  instal¬ 
lation  testing, including  blade  vibration  stress  surveys  and 
component  testing. 

After  World  War  IX  there  was  a  considerable  interest  shown  in 
propeller  development,  and  large  expenditures  of  engineering 
time  and  money  were  made  to  improve  propellers  for  the  B-36 
airplane  as  well  as  for  high-powered  turboprop  engines.  This 
work  was  planned  by  the  Propeller  Laboratory  of  the  Air  Force, 
who  worked  closely  with  industry  and  the  NACA.  The  Propeller 
Laboratory  sponsored  a  number  of  programs  including  the  devel¬ 
opment  of  several  new  propellers,  engineering  research  and 
flight  test  programs.  The  NACA  conducted  a  large  number  of 
wind  tunnel  tests  in  the  8-foot  and  16-foot  tunnels  covering 
the  Mach  number  range  up  to  a  forward  Mach  number  of  .97$. 

They  tested  a  number  of  two-blade,  4-  and  10-foot- diameter  pro¬ 
pellers  for  a  large  variation  of  blade  design  configurations. 

The  flight  test  programs  funded  by  the  Propeller  Laboratory 
included  flight  tests  of  a  P47  airplane  equipped  with  thrust 
and  torque  meters.  Tests  were  made  at  climb,  cruise  and 
high  speed  and  included  dive  tests  to  a  forward  Mach  number  of 
0.8.  Included  in  the  program  were  tests  of  three-  and  four- 
blade  propellers,  swept -back  blades,  ultra-thin  blades  and 
blades  using  sections  other  than  the  standard  NACA  16  norm¬ 
ally  used.  See  Reference  1. 

Supporting  these  programs  of  flight  and  wind  tunnel  testing  were 
applied  research  programs  for  developing  and  refining  the  tech¬ 
niques  of  design  and  analysis  of  the  performance  of  propellers. 
This  included  applied  research  in  developing  suitable  tables 
of  lift,  drag  and  moment  characteristics  of  two-dimensional 
airfoils.  Also  included  were  the  methods  of  application  of 
these  airfoil  data  for  calculating  the  performance  of  propel¬ 
lers.  This  required  the  development  of  suitable  methods  for 
calculating  the  induced  efficiency  of  propellers.  A  great  deal 
of  time  was  spent  on  correlating  the  results  of  the  calcula¬ 
tions  with  propeller  test  data,  making  adjustments  in  the  air¬ 
foil  data  until  good  accuracy  was  obtained.  The  methods  of 
calculating  the  performance  were  refined  until  the  accuracy 
was  excellent  over  the  entire  range. 

The  quest  for  ever-increasing  speed  led  to  the  question  of  best 
propeller  type,i.e.,  subsonic,  transonic  or  supersonic.  Be¬ 
cause  of  the  large  efficiency  losses  with  propellers  operating 
at  high  tip  Mach  numbers,  it  was  of  major  concern  to  reduce 
these  losses.  Two  approaches  were  taken:  (1)  the  use  of  very 
large  slow-turning  propellers  and  in  some  cases  counterrotat¬ 
ing  slow-turning  propellers,  or  (2)  the  use  of  thin  low-camber 
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blades  with  much  of  the  blade  operating  at  transonic  speeds. 
Also  considered  were  supersonic  propellers.  These  propellers 
used  blades  with  very  thin  airfoils:  thickness  ratios  of  2%  at 
the  tip  and  6%  inboard.  A  considerable  amount  of  time  was 
spent  investigating  the  supersonic  propeller  with  theoretical 
structural  aerodynamic  studies,  propeller  design,  fabrication 
work  and  performance  testing  in  wind  tunnels. 

The  results  of  much  of  the  propeller  work  accomplished  during 
the  time  period  of  1945  to  the  present  are  still  valid  and 
therefore  provide  an  excellent  base  for  any  future  propeller 
developments.  In  this  report  the  material  will  be  detailed  in 
the  light  of  present  technology  with  the  objective  of  preserv¬ 
ing  the  data  and  technology  where  possible.  The  areas  where 
additional  research  and  development  will  be  necessary  are  to 
be  discussed.  In  this  way  a  firm  technology  base  will  be  es¬ 
tablished  for  future  developments  of  propellers  for  any  appli¬ 
cation. 


GENERAL  PROPELLER  DESIGN  CONSIDERATIONS 


During  the  time  period  1945  to  the  present,  the  propeller 
selected  for  a  given  installation  was  specifically  designed  to 
satisfy  the  requirements  of  the  airplane.  The  aircraft  designer, 
after  selecting  an  engine  configuration,  could  only  obtain  a 
competitive  airplane  design  by  demanding  peak  propeller  effi¬ 
ciency  at  all  the  critical  flight  conditions  and  minimum  in¬ 
stalled  weight.  These  demands  in  performance,  along  with 
demands  for  minimum  weight  and  cost,  and  good  reliability  and 
maintenance  in  all  but  a  few  unusual  cases,  resulted  in  the 
design  of  new  propellers  for  each  new  installation. 

As  the  engine  was  generally  in  existence  for  the  new  airplane 
when  the  propeller  was  selected,  the  time  required  to  develop 
a  new  propeller  for  each  installation  was  extremely  small. 

This  was  true  as  the  airplane  was  generally  well  along  in  its 
design  prior  to  the  selection  of  the  propeller  contractor. 

This  lack  of  time  imposed  special  problems  on  the  propeller 
design  and  development  program.  As  a  result  of  the  short  de¬ 
velopment  rime, many  problems  were  encountered  due  to  the  lack 
of  proper  lead  time  for  engineering,  designing,  testing  and 
qualifying  the  propeller. 

The  need  for  developing  a  new  propeller  for  each  installation 
is  apparent  when  one  considers  the  many  variables  involved 
which  influence  the  final  design.  These  include: 

a)  Airplane  performance  requirements 

b)  Airplane  geometric  considerations 

c)  Engine  characteristics  and  design  parameters 

d)  Propeller  design  factors 

With  the  recognition  of  the  need  of  increased  lead  time  for 
necessary  engineering  and  development,  it  will  be  possible  to 
properly  consider  all  the  factors  for  successful  installations. 


PEfflfiH  .CRITERIA 

To  assure  that  proper  consideration  is  given  to  all  the  fac¬ 
tors  which  influence  the  design  of  a  propeller,  it  is  necessary  to 
Jvelop  a  design  procurement  specification  based  on  a  complete 
design  criterion.  To  establish  the  design  criteria,  detailed 
consideration  must  be  given  to  the  airplane  design  objectives, 
including : 

a)  Mission 

b)  Takeoff,  cruise  and  climb  performance 

c)  Operational  Environment 

d)  Maneuverability 
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e)  Size  &  Geometry 

f )  Noise 

g)  Cost 


In  preparing  the  propeller  design  criteria, it  is  necessary  to 
select  suitable  engines  for  final  evaluation,  as  the  power 
available,  rotational  speed  characteristics,  specific  fuel  con¬ 
sumption  and  weight  have  a  considerable  influence  on  the  pro¬ 
peller  design.  Also  influencing  the  design  criteria  will  be 
the  overall  airplane  configuration  developed  to  satisfy  the 
mission.  Its  layout  and  geometric  configuration  will  have  an 
important  bearing  on  the  overall  propeller  design. 

An  outline  of  the  topics  and  factors  of  a  complete  propeller 
design  criterion  procurement  specification  is  given  in' Appendix 
I  of  Volume  III.  Completion  of  all  the  major  topics  given  will 
allow  the  propeller  designer  to  prepare  a  specification  from 
which  required  propellers  can  be  designed,'  built,  fabricated, 
qualified  and  delivered.  The  many  topics  listed  in  the  criteria 
in  Appendix  I,  Volume  III,  are  dependent  on  the  airplane  oper¬ 
ating  requirements  and  installation  considerations.  These  items 
arc  discussed  as  follows  as  an  aid  for  preparing  the  required 
criteria. 

INSTALLATION  CONSIDERATIONS 

Early  in  the  initial  design  of  a  new  propeller- driven  airplane, 
careful  consideration  must  be  given  to  the  engine  selection  and 
overall  propeller  installation  to  obtain  the  best  configura¬ 
tion.  This  is  especially  important,  as  the  operating  require¬ 
ments  for  the  propeller  can  be  quite  diverse.  For  instance,  for 
peak  takeoff  performance  of  V/STOL  aircraft,  large -diameter 
propellers  with  light  disc  loadings  will  give  high  ratios  of 
thrust  to  horsepower.  Such  large  propellers  can  lead  to  long, 
narrow,  flexible  helicopter-like  blades  that  must  be  installed 
on  the  wing  tips  to  obtain  fuselage  clearance.  These  large 
propellers  must  be  thoroughly  designed  and  analyzed  to  avoid 
severe  overall  dynamic  problems.  On  the  other  hand, smaller 
propellers  with  a  higher  disc  loading  could  be  used  to  obtain 
the  same  performance,  but  higher  powered  engines  would  be  re¬ 
quired.  Such  an  installation  could  lead  to  problems  involving 
downwash  velocity  and  high  overall  fuel  consumption. 


Aircraft  and  Engine  Characteristics 

The  airplane  geometric  characteristics  influencing  the  instal¬ 
lation  of  the  propeller  and  its  size  limit  must  be  established. 
Geometric  factors  affecting  the  maximum  diameter  such  as  ground 
clearance  and  fuselage  tip  clearance  are  therefore  especially 
important.  The  airplane  geometric  characteristics  that  deter¬ 
mine  the  flow  field  into  the  propeller  disc  must  also  be 


established, as  these  determine  the  performance  and  the  required 
propeller  structural  characteristics.  If  the  flow  axial  vel¬ 
ocity  into  the  propeller  is  uniform,  the  structural  require¬ 
ments  are  much  less  severe  than  for  the  case  where  the  velocity 
is  higher  on  one  quadrant  of  the  disc  than  the  other. 

The  structural  stiffness  and  aeroelastic  characteristics  of  the 
airplane  are  also  of  great  importance  to  the  design  of  the  pro¬ 
peller/  as  they  can  directly  determine  the  propeller  weight. 

The  engine  performance  characteristics  influence  the  design 
of  the  propeller,  especially  its  variation  of  output  shaft  ro¬ 
tational  speed  as  a  function  of  power  and  altitude.  For  in¬ 
stance,  certain  coupled  turbine  engines  run  at  only  one  rota¬ 
tional  speed.  Because  of  this  fixed  rotational  speed,  it  is 
difficult  to  establish  a  blade  design  that  is  optimum  for  more 
than  one  operating  condition.  When  the  engine  rotational  speed 
is  a  variable  as  in  the  case  of  a  free  turbine  turboprop  en¬ 
gine,  it  is  possible  to  improve  the  overall  design  signifi¬ 
cantly.  This  is  done  by  operating  at  high  rotational  speeds 
at  high  loadings  and  low  rpm's  at  light  loadings.  This  is 
especially  necessary  when  there  are  two  important  operating 
conditions  such  as  takeoff  and  cruise,  as  in  the  case  of  V/STOL 
aircraft. 

Based  on  the  aircraft  geometric  characteristics,  the  engine 
operating  parameters,  and  the  overall  performance  requirements, 
the  best  engine/propeller  output  shaft  gear  ratio  can  be  estab¬ 
lished.  The  factors  influencing  the  gear  ratio  selection  are: 

a)  Performance 

b)  Noise  (Tip  Speed) 

c)  Weight 

d)  Compressibility  considerations 

e)  Propeller  diameter 

A  parametric  analysis  of  these  factors  in  terms  of  selected 
design  criteria  is  then  used  to  select  the  best  gear  ratio. 

After  the  engine/propeller  gear  ratio  is  selected,  the  propel¬ 
lers  must  be  analyzed  in  terms  of  the  engine  rotational  speed 
arid  specific  fuel  consumption  characteristics  to  find  the  best 
overall  operating  conditions.  Generally,  free -turbine  engines 
operate  at  the  minimum  specific  fuel  consumption  over  a  rela¬ 
tively  narrow  range  of  rotational  speeds.  For  this  reason,  un¬ 
less  the  airplane  flight  conditions  lead  to  requirements  for 
propellers  operating  at  a  wide  range  of  loadings,  the  operating 
engine  speed  used  may  be  quite  narrow.  In  any  case,  the  higher 
rotational  speed  would  be  selected  for  takeoff  and  climb,  with 
a  low  value  used  at  cruise  to  improve  eificiency  and  reduce 
noise  level. 
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If  the  aircraft  thrust  requirements  at  the  design  flight  con¬ 
ditions  lead  to  wide  variations  in  propeller  loading,  it  may 
become  desirable  to  operate  the  engine  at  rotational  speeds 
below  that  for  minimum  specific  fuel  consumption.  In  this 
case  the  engine  speed  will  be  chosen  to  give  the  maximum  miles 
per  pound  of  fuel  for  the  combination,  and  neither  the  pro¬ 
peller  efficiency  loss  nor  the  specific  fuel  consumption  will 
be  a  minimum. 


Performance  Requirements 

The  propeller  characteristics  needed  depend  directly  on  the 
aircraft  installation  and  performance  requirements.  Thus  the 
aircraft  performance  in  terms  of  speed  and  altitude  must  be 
■known  along  with  the  associated  engine  performance  output 
characteristics.  These  characteristics  must  be  known  for  the 
series  of  critical  flight  conditions  of  the  airplane,  and  to 
establish  the  propeller  it  is  necessary  to  know  the  aircraft 
thrust  requirements  for  each  condition.  There! ore,  the  infor¬ 
mation  presented  below  must  be  tabulated  prior  to  the  start  of 
the  propeller  design  analysis. 


AIRCRAFT  DESIGN  CONDITIONS 

Condition 

Velocity 

Altitude 

Temp. 

hp 

Eng  rpm 

T  req'd 

T.O. 

Climb 

Cruise 

V  Max 
Reverse 

Structural  Requirements 

The  propeller  of  course  must  be  designed  with  structural  in¬ 
tegrity  at  all  flight  conditions.  The  structure  required  to 
accomplish  this  is  directly  influenced  by  the  propeller-air¬ 
plane  installation.  For  instance,  the  blade  cyclic  load  is 
influenced  by  the  flow  field  into  the  disc.  If  the  propeller 
is  operating  in  a  uniform  airstream  with  the  shaft  parallel 
to  the  free-stream  velocity,  the  cyclic  load  distribution  will 
be  low  and  the  vibratory  blade  stresses  will  be  low.  In  this 
case  the  blades  can  be  designed  mainly  for  the  steady  stresses 
with  a  corresponding  weight  saving. 
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The  operating  characteristics  of  the  airplanes  also  influence 
the  flow  angle  at  the  propeller  disc.  Due  to  the  high  angle  of 
attack  of  the  airplane  necessary  for  the  low-speed  flight  con¬ 
ditions,'  the  propeller  shaft  will  operate  at  an  angle  of  attack, 
A,  with  respect  to  the,  free-stream  velocity.  The  flow  around 
the  fuselage  and  the  wing  will  also  influence  the  angle  of  the 
velocity  vector  into  the  propeller.  As  discussed  in  Volume  IX, 
Structural  Design  Methodologies,  this  angle  times  the  dynamic 
pressure  based  on  the  free-stream  velocity  directly  influences 
the  level  of  the  cyclic  stress  in  the  blade.  This  stress  be¬ 
comes  a  peak  once  per  revolution  and  is  known  as  lxP  blade 
stress.  The  lxP  stress  is  thus  a  function  of  Aq,  the  inflow 
angle  times  the  dynamic  pressure. 

Because  the  vibratory  stresses  of  the  blade  are  proportioned 
to  the  value  of  Aq  and  because  this  factor  is  independent  of 
the  propeller  characteristics,  it  is  called  an  "excitation  fac¬ 
tor".  The  Aq  curve  for  a  typical  tractor  airplane  is  shown  in 
Figure  1.  From  this  figure  it  will  be  noted  that  typically 
for  a  conventional  airplane  the  highest  values  of  Aq  are  ob¬ 
tained  at  maximum  gross  weight  and  at  the  "never  exceed"  dive 
speed.  Table  I  gives  the  range  of  magnitude  of  Aq  for  evalu¬ 
ating  the  initial  structural  requirements  of  conventional 
propeller  blades. 
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Figure  1.  Operating  Aq  -  Typical  Tractor  Airplane 


reason,  the  blade,  including  its  control  flexibility,  must  be 
designed  to  be  flutter  free  when  installed  on  the  airplane. 
In  the  past,  operating  restrictions  have  been  placed  on  the 
system  to  avoid  conditions  where  flutter  would  be  encountered, 
but  this  is  not  an  acceptable  solution. 


Dynamic  Characteristics 


The  propeller  is  generally  mounted  on  a  wing  of  a  given  stiff¬ 
ness  characteristic  along  with  an  engine  mount  of  another 
stiffness.  This  stiffness  combined  with  the  associated  mass 
characteristic  of  the  system  influences  the  overall  dynamics 
of  the  propeller  and  its  frequency  response. 


The  propeller  when  mounted  on  the  elastic  system  of  the  air¬ 
plane  must  be  designed  so  that  at  least  the  first  three 
coupled  flap/chord/torsion  natural  frequencies  are  displaced 
at  least  +0.15/rev  from  an  integer  harmonic  at  the  operating 
rpm  with  a  ±6%.  Also,  no  natural  frequency  can  be  encountered 
within  an  operational  frequency  band  determined  by  blade  number 
and  rotational  speed. 


The  propeller  and  its  mounting  system  must  be  designed  to  be 
free  of  all  aeroelastic  instabilities  with  the  operating  range, 
including  the  zero  rpm  feathering  conditions,  all  combinations 
of  design  thrust  values,  and  reverse  thrust  conditions.  All 
environmental  conditions  encompassed  by  the  flight  operating 
envelope  must  be  considered. 


Noise 


Of  major  importance  with  any  propeller  installation  is  the 
overall  noise  level.  Both  the  near-field  and  far-field  levels 
of  noise  are  of  great  importance.  The  noise  level  generated 
by  the  propeller  is  dependent  on  the  rotational  speed,  tip 
speed,  disc  loading  and  blade  load  distribution.  The  noise 
level  generated  within  the  airplane  is  critically  dependent 
upon  the  distance  of  the  propeller  tip  from  the  fuselage  and 
its  fore/aft  location  with  respect  to  the  observer. 


Quiet  propellers  can  be  designed  which  operate  at  high  levels 
of  efficiency  and  using  large  blades  operating  at  low  tip 
speeds.  In  fact,  propellers  can  be  the  quietest  form  of  pro¬ 
pulsion  in  the  subsonic  speed  range. 
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Propeller  Control  Considerations 

The  propeller  control  requirements  are  directly  influenced  by 
the  airplane,  engine,  and  engine  control  characteristics.  In 
conjunction  with  the  engine  control,  the  propeller  control  must 
be  designed  so  that  the  required  thrust  response  is  obtained 
at  all  flight  conditions.  Additionally,  the  control  system 
must  protect  the  airplane  from  unwanted  values  of  negative 
thrust  in  cases  of  failures  of  the  engine  or  propeller  control 
system. 

The  propeller  control  system  for  the  turboprop  engine  requires 
a  much  higher  rate  of  pitch  change  than  in  the  case  of  the  re¬ 
ciprocating  engine.  This  is  especially  true  when  fixed  turbine 
engines  are  used.  In  this  case,  pitch  change  rates  up  to  six 
times  that  required  for  reciprocating  engines  are  sometimes 
necessary.  With  the  free-turbine  turboprop  engine,  the  pitch 
change  rates  required  are  reduced,  but  control  and  its  pro¬ 
tective  system  are  still  more  complex  than  was  necessary  with 
the  older  installations. 

Since  high  rates  of  pitch  change  directly  affect  the  weight 
and  the  complexity  of  a  new  propeller,  it  is  important  that 
the  new  .installation  be  completely  analyzed  to  find  the  overall 
requirements.  With  the  complete  analysis,  the  best  overall 
configuration  can  be  designed  without  excessive  weight  or 
complexity. 


weight 


Propeller  weight  is  a  direct  function  of  the  installation  con¬ 
figuration,  installed  power  and  design  rotational  speed.  This 
is  apparent,  as  the  size  is  influenced  by  the  power,  thrust  re¬ 
quired,  flight  speed,  the  design  Aq,  the  propeller  placement, 
and  the  operating  environment.  The  design  rotational  speed 
is  of  course  important,  as  the  centrifugal  stresses  and  loads 
vary  directly  with  the  square  of  the  rotational  speed.  The 
installation  of  the  propeller  can  be  designed  to  minimize  the 
angular  flow  conditions  that  directly  influence  the  blade 
stress  and  so  minimize  the  weight.  To  accomplish  significant 
improvements  in  the  propeller  installation,  changes  must  be 
accomplished  early  in  the  design. 

With  an  integration  of  the  propsller/airplane  design,  important 
weight  advantages  can  also  be  had.  These  advantages  are  pos¬ 
sible  in  addition  to  those  possible  with  advanced  materials, 
composite  structures,  etc.  One  of  the  most  important  improve¬ 
ments  was  the  development  of  the  integral  gearbox  propeller. 

By  combining  the  function  of  the  propeller  and  hub  into  a 
single  unit,  important  weight  advantages  were  made  possible. 
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The  propellers  designed  for  !;otv$'*tic»i&l  airplanes  during  the 
time  period  of  1940  to  1953  Md  a  specific  veight  of  0.3  pound 
per  horsepower  for  1000-ho.c/sspower  engines  and  a  specific 
weight  os  low  as  .17  pound  per  horsepower  in  the  range  of 
3000  horsepower.  The  development  of  composite  structures 
using  fiber  glass  and  other  new  materials  plus  new  design  and 
fabrication  techniques  will  result  in  significant  weight  re¬ 
ductions.  Reductions  in  weight  of  over  50H  are  projected  for 
new  propellers  compared  with  the  propellers  of  the  1950’s. 


Operational  Requirements 

In  developing  the  propeller  for  a  new  airplane,  the  require¬ 
ments  of  high  reliability  and  good  maintainability  must  re¬ 
ceive  high  design  priority.  Because  of  the  importance  of 
maintaining  the  required  thrust,  especially  with  V/STOL  air¬ 
planes,  the  probability  of  a  loss  of  control  or  other  shutdown 
must  be  very  small.  The  value  assigned  to  the  probability 
value  for  failure  will  depend  on  the  type  of  airplane  and  the 
mission  time. 

With  the  techniques  of  design  and  analysis  available  today,  a 
new  propeller  should  be  designed  for  on-condition  maintenance 
during  its  service  life.  The  practice  of  scheduled  overhaul 
used  in  the  past  will  not  be  used.  Along  with  an  cn-condition 
repair,  the  design  should  have  a  mean  time  between  unscheduled 
maintenance  of  at  least  50  flight  hours. 

The  time  required  for  any  given  maintenance  task  must  be  mini¬ 
mized,  compared  with  past  propeller  designs.  For  instance, 
field  replacement  of  a  blade  should  be  possible  without  the 
requirement  for  complete  propeller  removal,  rebalance,  etc. 

It  should  also  be  possible  to  remove  and  replace  other  major 
items  in  the  field  with  a  minimum  of  maintenance  time. 

The  design  operating  life  of  a  propeller  is  defined  as  the 
period  of  flight  time  during  which  it  is  economically 
feasible  to  conduct  necessary  repairs.  The  design  operating 
life  specified  for  a  propeller  it*  a  function  of  the  instal¬ 
lation  of  the  operating  environment  and  the  expected  life  of 
the  airplane.  For  instance,  a  transport  type  airplane  would 
have  a  higher  operating  life  than  a  combat  airplane. 

The  environment  in  which  a  propeller  must  operate  is  dependent 
on  the  airplane  type  and  its  uses.  On  certain  airplane  types, 
short  takeoffs  and  landings  must  be  made  at  unimproved  forward 
bases  where  the  propeller  blades  will  be  subjected  to  all  types 
of  sand,  rocks,  etc.  On  props  Her -driver,  seaplanes,  the  blades 
must  be  designed  to  withstand  the  forces  of  green  or  solid  water 
ingestion.  It  is  therefore  apparent  that  the  operating  environ¬ 
mental  condition  can  have  a  large  effect  ori  the  overall 


propeller  design. 

If  the  airplane  is  operating  under  battlefield  conditions,  the 
chances  of  survival  after  a  severe  hit  must  be  reasonable. 
Experience  with  steel  blades,  for  instance,  has  shown  that  a  re¬ 
markable  amount  of  damage  can  be  sustained  without  loss  of  a 
blade.  The  new  designs  being  considered  should  also  have  a 
high  degree  of  survivability. 


PROPEl-I-Ek  DESIGN  PARAMETERS 


To  satisfy,  the  requirements  of  a  given  installation  with  the 
best  overall  propeller  configuration,  a  large  number  of  de¬ 
sign  parameters  must  be  considered  and  analyzed  at  all  flight: 
conditions.  These  parameters  include: 


1.  Propeller  diameter 

2.  Blade  number 

3.  Single  or  dual  rotation 

4.  Blade  activity  factor  and  width  distribution 

5.  Thickness  ratio  distribution 

6.  Design  lift  distribution 

7.  Blade  angle  distribution 

8.  Blade  section  type 


These  parameters  influence  both  the  induced  and  profile  effi¬ 
ciency  of  the  propeller.  The  induced  efficiency  is  the  effi¬ 
ciency  generated  as  a  result  of  the  production  of  thrust  with 
blades  operating  at  zero  profile  drag.  The  profile  efficiency 
is  a  measure  of  the  profile  drag  produced  by  the  blades  and  is  a 
peak  when  the  blade  sections  are  operating  at  the  best  overall 
lift/ drag  ratio. 

When  considering  the  propeller  design  parameters,  the  most  im¬ 
portant  is  the  diameter.  The  propeller  diameter  not  only  de¬ 
termines  the  overall  disc  loading  but  also  influences  the 
remainder  of  the  design  parameters. 

As  shown  from  momentum  considerations  (page  33), the  disc  loading 
directly  determines  the  velocity  increase  in  the  final  wake 
and  is  an  indication  of  mass  of  air  handled  by  the  propeller, 
since 


=  P  (V0  *  u/2)u  (1) 

and  the  mass  of  air  handled  by  the  propellers  is  equal  to 

m  =  />A(V0  +  u/2)u  (2) 
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where  T  -  The  propeller  thrust 

A  -  The  disc  area  =  *  T>^/4 
p  =  The  density  of  air  -  slugs/cu  ft 
V0=  The  free-stream  velocity 

u  =  The  axial  velocity  increase  in  the  final  wake 
Also,  from  momentum  considerations  the  efficiency  equals 

v° 

’  =  V0  +  u/2  (3) 

Thus  it  is  apparent  from  equations  (1)  to  (3)  that  for  peak  effi¬ 
ciency,  the  velocity  imparted  to  the  air  in  the  final  wake  must 
be  small.  Also,  to  obtain  high  levels  of  thrust  at  high  effi¬ 
ciency,  the  mass  handled  by  the  propeller  must  be  high.  The 
disc  loading  must  therefore  be  low  to  obtain  high  levels  of 
efficiency. 

Since  the  mass  of  air  handled  by  a  propeller  increases  with 
increasing  forward  speed, the  velocity  increment  necessary  for 
the  production  of  the  same  level  of  thrust  decreases  and  the 
ideal  efficiency  will  increase  wj  ch  increased  speed.  Likewise, 
to  obtain  high  levels  of  induced  efficiency  at  low  speeds  such 
as  takeoff  and  climb, large-diameter  propellers  are  required  to 
obtain  a  high  level  of  mass  flow.  For  these  reasons,  the  pro¬ 
peller  diameter  required  for  a  given  efficiency  is  dependent 
on  the  operating  requirements,  speed  and  altitude.  Also, as  the 
speed  increases,  the  requirement  for  low  disc  loading  decreases. 

For  a  given  operating  condition,  the  total  solidity  required  is 
-  a  function  of  the  disc  loading  and  therefore  the  propeller 
diameter,  selected. 

Blade  number  and  blade  solidity  (activity  factor )  are  inter¬ 
related,  and  the  combination  is  established  so  that  the  pro¬ 
peller  will  operate  at  a  lift  coefficient  close  to  that  for  peak 
lift/drag  ratio  and  thus  peak  profile  efficiency.  The  peak 
lift/drag  ratio  that  can  be  achieved  is  dependent  on  the  sec¬ 
tion  thickness  ratio,  section  type  and  blade  camber  (design 
CL). 

Once  the  total  solidity  is  established, the  choice  of  number  of 
blades  vs  blade  solidity  is  dependent  on  both  structural  and 
induced  efficiency  considerations.  As  the  induced  efficiency 
is  a  function  of  the  velocity  and  its  un.'.formity  in  the  final 
wake,  propellers  with  a  large  number  of  blades  will  have  the 
highest  induced  efficiency.  However,  if  the  disc  loading  is 
not  too  high, propellers  with  three  or  four  blades  usually  oper¬ 
ate  very  near  the  peak  value  of  induced  efficiency.  If  the 
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disc  loading  is  very  high  and  the  speeds  low,  the  designer 
would  have  to  select  a  propeller  with  a  greater  number  of 
blades. 

In  those  cases  where  the  disc  loading  is  high,  and  a  critical 
low-speed  condition  is  encountered  such  as  takeoff  or  early 
climb,  six-  and  eight-blade  propellers  are  required.  These 
propellers  will  have  high  rotational  induced  losses  unless  half 
the  total  blades  are  operating  in  the  opposite  direction  of  ro¬ 
tation.  When  this  is  done,  the  rear  set  of  blades  of  the  dual 
rotation  unit  recovers  the  rotational  energy  losses  of  the  front 
propeller. 

Dual  rotation  propellers  may  therefore  increase  the  overall 
efficiency  whenever  high  rotation  energy  losses  are  encountered. 
The  Soviet  "Bear"  bomber  and  the  AM-22  transports, for  instance, 
use  dual  rotation  propellers,  as  the  primary  operating  condi¬ 
tion  is  a  high-advance-ratio  condition  where  high  rotational 
losses  are  encountered. 

To  eliminate  the  torque  reaction, dual  rotation  propellers  have 
also  been  used  for  a  number  of  experimental  VTOL  airplanes. 

The  Navy  XFY  and  XFV  VTOL  airplanes  were  primary  examples. 

These  tail-sitters  used  one  dual  rotation  propeller  for  lift 
and  propulsion.  Low-speed  control  was  obtained  from  the  pro¬ 
peller  flow  over  the  tail  surface. 

For  a  given  solidity,  the  actual  blade  planform  is  generally 
chosen  for  ease  of  manufacture  except  at  the  inboard  end  of 
the  blade.  Here  structural  and  manufacturing  considerations 
would  result  in  high  thickness  ratios  and  low  chord  widths. 
These  blades  are  unsatisfactory  and  would  produce  high  engine 
losses.  For  this  reason  special  fairings  are  installed  on  the 
blades  inboard  to  obtain  good  thickness  ratios  and  reduce  the 
inlet  losses. 

On  the  remainder  of  the  blade, including  the  tip, the  planform 
shape  required  for  manufacturing  reasons  can  be  obtained  by 
adjusting  the  design  Cl  and  blade  angle  distribution.  The 
blade  chord  can  be  increased  or  decreased  while  maintaining 
the  same  overall  loading  by  decreasing  or  increasing  the 
camber.  This  can  be  done  without  a  loss  of  efficiency  with 
practical  limits. 

From  the  manufac'  ring  point  of  view,  there  is  a  considerable 
advantage  in  usi:  ^  a  square  tip.  When  this  is  done,  the  blade 
angle  and  design  lift  coefficient  are  reduced  to  obtain  the 
desired  loading.  Tests  with  round-  and  square-tip  propellers 
designed  for  the  same  load  distribution  indicated  no  significant 
change  in  performance.  The  only  advantage  identified  with 
round-tip  propellers  is  a  reduction  of  near-field  noise  in  the 
cabin  of  multiengine  airplanes. 
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The  design  lift  coefficient  or  camber  of  an  airfoil  is  an  im¬ 
portant  parameter  in  the  practical  design  of  a  propeller.  For 
low-speed  operation,  a  high  design  C'l  in  the  range  of  .5  to  .7 
is  generally  best,  as  the  lift/drag  ratio  peaks  at  these  levels 
of  camber.  The  operating  lift  coefficient  is  high  at  the  peak 
lift/drag  ratio  for  high  design  lift  coefficient  airfoils. 

This  reduces  the  blade  solidity  required  for  a  given  load  with 
a  corresponding  reduction  in  the  overall  weight. 

The  blade  camber  and  blade  angle  distribution  are  generally 
established  together  so  that  the  optimum  load  distributions 
are  obtained.  With  the  proper  selection  of  the-c,  it  is  often 
possible  to  obtain  optimum  efficiency  at  more  than  one  blade 
station. 

Since  the  load  on  the  blade  is  approximately  normal  to  the 
blade  chord,  the  blade  is  effectively  a  cantilever  beam;  thus 
its  strength  is  directly  dependent  on  its  absolute  thickness. 
Thus  for  a  given  thickness  ratio,  the  wider,  higher  solidity 
blades  generally  have  better  strength  characteristics  than 
propellers  with  narrow  blades.  For  this  reason  it  is  possible 
that  the  propeller  with  the  lower  number  of  blades  will  have 
a  lower  thickness  ratio.  If  compressibility  losses  are  im¬ 
portant,  the  overall  improvement  in  the  lift/drag  ratio  as  a 
result  of  the  reduction  in  thickness  ratio  may  offset  the  in¬ 
crease  in  the  induced  efficiency  obtained  from  the  use  of  the 
extra  blade.  A  complete  aerodynamic  and  structural  analysis 
is  required  to  find  the  best  configuration  in  this  case. 

The  detailed  choice  of  section  type  is  dependent  on  the  pro¬ 
peller  application.  Generally,  the  section  choice  depends  on 
the  spread  cf  the  operating  lift  coefficient,  the  thickness 
ratio  and  the  peak  section  Mach  number.  Some  airfoil  sections 
such  as  NACA  65  sections  have  a  better  range  of  peak  L/D  than 
others.  Whereas  NACA  IS  series  sections  tend  to  operate  at 
higher  section  Mach  numbers  without  encountering  the  drag  rise 
due  to  compressibility  than  the  6  series  sections.  The  de¬ 
tailed  procedures  for  calculating  the  optimum  distribution  of 
the  blade  design  parameters  are  covered  in  the  aerodynamics 
section.  Here  the  procedures  for  calculating  the  optimum  con¬ 
figuration  are  given  based  on  the  theory  of  the  Calculus  of 
Variations. 


OPERATING  CONDITIONS  -  PROPELLER  TYPES 


i  The  selection  of  the  propeller  and  its  design  parameters  are 

I  directly  dependent  on  the  operating  conditions.  For  instance, 

a  propeller  selected  for  a  low-power,  low-speed  airplane  will 
be  very  different  from  that  for  a  high-speed  installation.  In 
this  case  the  blade  section  would  be  chosen  to  favor  the  maxi¬ 
mum  lift  coefficient  whereas  the  sections  of  the  high-speed 
prop  would  be  chosen  to  avoid  compressibility  losses. 

compressibility  losses  on  the  propellers  can  be  avoided  either 
by 'the  use  of  the  blade  sections  designed  to  operate  at  the 
highest  possible  Mach  numbers  or  by  designing  the  blades  to 
operate  at  low  rotational  speeds  to  keep  the  section  Mach  num- 
i  ber  low.  In  either  case  the  objective  to  delay  the  onset  of 

|  compressibility  losses  is  achieved.  The  propeller  types  to 

j  achieve  the  various  design  objectives  are  defined  as  follows: 


Subsonic 

Subsonic 

Transonic 

Transonic 

Supersonic 

Ducted 


Single  rotation 
Dual  rotation 
Single  rotation 
Dual  rotation 
Single  rotation 
Single  &  dual  rotation 


The  term  subsonic  propeller  refers  to  the  maximum  operating 
section  Mach  number.  In  this  report  the  term  subsonic  pro¬ 
peller  is  a  propeller  where  blade  sections  are  all  operating 
below  their  critical  section  Mach  number. 


Subsonic  single-rotation  propellers  will  use  from  two  to  eight 
or  more  blades  and  may  even  have  two  or  more  rows  of  blades. 

The  majority  of  subsonic  propellers  will  use  two  to  four  blades 
The  blade  number  and  width  depend  on  the  power  input,  disc 
loading  and  details  of  the  blade  such  as  camber  and  thickness 
ratio.  The  propeller  for  a  low-disc-loading  application  will 
have  three  or  four  long,  narrow  blades,  whereas  a  high-disc-load 
ing  propeller  installation  will  have  four  or  more  wide  blades. 
The  maximum  blade  width  is  determined  by  the  solidity,  which 
must  be  less  than  1.0  at  any  blade  station.  The  propeller 
solidity  is  defined  by  Equation  (4): 


<r  =  Jffi 
tXD 


(4) 


where  <r  =  total  solidity 
b  =  blade  chord 
B  =  blade  number 
x  =  fractional  radius 
D  =  diameter 
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If  the  total  solidity  exceeds  one, a  second  row  of  blades  is 
required  if  the  blades  are  to  rotate  over  the  full  range  of 
blade  angles. 

If  the  solidity  does  exceed  one  and  a  second  row  of  blades  is 
required,  it  is  generally  desirable  to  reverse  the  direction  of 
rotation  of  the  second  row  and  then  have  a  dual- rotation  pro¬ 
peller.  The  dual- rotation  propeller  has  the  advantage  in  re¬ 
covering  the  rotation  losses  of  the  front  row.  Properly 
designed,  the  dual- rotation  propeller  will  have  only  an  axial 
outflow  velocity  and  the  torque  reaction  on  the  airplane  will 
be  zero.  Like  the  subsonic  single-rotation  propeller,  the  dual¬ 
rotation  propeller  will  have  the  blade  sections  operating  be¬ 
low  their  critical  Mach  number. 

Transonic  propellers,  whether  single  or  dual  rotating,  will  have 
blade  sections  operating  above  their  critical  Mach  number  at 
some  design  flight  conditions.  The  forward  Mach  number  of 
transonic  type  propellers  will  be  less  than  one.  Tip  Mach 
numbers  as  high  as  1.1  can  be  obtained  with  transonic  pro¬ 
pellers  at  some  operating  conditions;  however,  these  propellers 
will  be  very  noisy.  For  this  reason  transonic  propellers  are 
usually  designed  to  operate  at  tip  speeds  below  .95. 

Because  of  the  promise  of  high  efficiency,  supersonic  propel¬ 
lers  were  considered  for  high-speed  aircraft.  Supersonic 
propellers  are  designed  for  operation  at  a  forward  Mach  number 
above  one  so  that  with  the  rotational  velocity  of  the  blade 
component,  each  section  on  the  propeller  is  operating  at  Mach 
numbers  much  higher  than  that  of  the  airplane. 

Ducted  propellers  are  designed  to  reduce  the  noise  level  and 
the  diameter.  The  disc  loading  used  for  these  propellers  is 
generally  higher  than  conventional  propellers,  and  the  blade 
number  used  must  therefore  be  greater.  The  duct  design  is 
critical  and  determines  the  speed  range  where  peak  performance 
will  be  obtained. 


PROPELLER  SELECTION 

As  was  previously  noted,  the  selection  of  the  best  propeller 
for  a  given  airplane  configuration  depends  on  the  design  mis¬ 
sion  of  the  airplane,  the  available  engines,  and  factors  such 
as  payload  size  that  affect  the  overall  box  size  and  fuselage 
geometry.  Also,  because  of  the  interaction  and  number  of 
design  variables  involved,  the  process  of  propeller  selection 
is  an  iterative  procedure  to  find  the  best  overall  configur¬ 
ation. 

During  the  initial  selection  process,  it  is  desirable  to  evalu¬ 
ate  the  effects  of  changes  on  the  airplane  configuration  as 
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well  as  the  changes  in  the  basic  propeller.  Propeller  diameter 
is  one  of  the  most  important  factors  influencing  performance; 
it  also  has  a  large  influence  on  the  airplane  configuration 
because  of  difficulties  in  mounting,  etc.  For  instance,  large- 
diameter  propellers  must  be  mounted  far  out  on  the  wing  to 
clear  the  fuselage,and  this  influences  the  wing  span,  its  load¬ 
ing,  and  therefore  the  performance  of  the  airplane.  Ground 
clearance  also  becomes  a  problem  with  large-diameter  propellers 
and  can  lead  to  excessively  long  and  heavy  landing  gears. 

Because  of  the  large  influence  of  diameter  on  the  overall  air¬ 
plane  charac*-  sties,  it  is  desirable  early  in  the  design  phase 
to  conduct  p..  .metric  performance  studies  for  the  airplane  over 
a  large  range  of  propeller  design  parameters.  This  is  especi¬ 
ally  important  if  there  is  a  low-speed  performance  requirement 
as  well  as  a  high-speed  requirement. 

To  conduct  these  parametric  studies , propeller  efficiency  data 
is  required  for  evaluating  the  effects  of  the  design  changes 
on  the  overall  aircraft  performance.  Because  of  the  lack  of 
data  for  designing  complete  propellers  and  the  extensive  time 
required  for  each  configuration,  estimating  procedures  must  be 
used  to  establish  the  necessary  performance  data.  These 
procedures  have  been  established  for  blades  which  are  repre¬ 
sentative  structurally  of  an  average  installation.  The  aero¬ 
dynamic  design  parameters  at  each  condition  are  established  to 
give  the  peak  performance  at  the  condition  considered,  so  in 
effect  the  load  distribution  is  an  optimum.  The  estimating 
procedures  used  are  presented  in  the  section  on  performance 
methods. 

To  estimate  the  performance  of  a  propeller  for  a  given  con¬ 
dition  for  the  parametric  studies, the  diameter  is  usually 
assumed.  Based  on  the  diameter  and  an  assured  tip  speed, usu¬ 
ally  between  650  and  95u  feet  per  second, the  total  blade  sol¬ 
idity  can  be  found  that  will  give  peak  performance  for  any 
desired  blade  camber.  The  choice  of  blade  number,  camber  and 
activity  factor  of  the  propeller  is  dependent  on  the  flight 
condition.  Usually  the  smallest  number  of  blades  are  used, 
with  blades  having  activity  factor  not  exceeding  200  to  230. 
Unless  the  propeller  is  operating  at  high  speeds  where  com¬ 
pressibility  losses  are  a  major  factor, the  highest  blade  sec¬ 
tion  camber  is  chosen,  as  this  gives  the  smallest  propeller  and 
thus  the  minimum  weight.  With  all  the  blade  design  character¬ 
istics  known,  the  efficiency  of  the  propeller  is  found  using 
the  data  presented  in  the  performance  section. 

A  typical  parametric  study  could  be  an  analysis  of  the  vari¬ 
ation  of  payload  and  airplane  gross  weight  as  a  function  of 
propeller  diameter  for  the  three-engine  climb  condition.  As 
the  diameter  is  increased,  the  propeller  efficiency  will  in¬ 
crease,  allowing  an  increase  in  gross  weight.  If  the  gross 
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weight  increases  at  a  rate  higher  than  the  increase  in  weight 
required  for  the  propeller,  then  there  is  a  net  increase  in 
payload;  see  Figure  2.  It  should  also  be  noted  from  Figure  2 
that  there  is  probably  a  propeller  diameter  for  peak  load. 


Figure  2.  Propeller  Parametric  Study. 


Because  of  the  large  effect  of  disc  loading  on  the  hover  and 
cruise  perfc  .lance  of  V/STOL  airplanes,  parametric  studies  for 
selecting  the  best  diameter  and  therefore  disc  loading  are  ex¬ 
tremely  valuable.  These  studies  are  usually  done  for  the 
critical-hover  and  extended-range  cruise  conditions.  Analysis 
of  the  performance  at  these  two  conditions  in  terms  of  diameter, 
solidity  and  propeller  camber  levels  will  establish  the  propel¬ 
ler  design  characteristics  needed  for  peak  overall  performance. 
The  desired  propeller  characteristics  are  generally  found  from 
plots  of  cruise  efficiency  as  a  function  of  takeoff  efficiency 
(see  Figure  3). 

The  propeller  diameter  and  disc  loading  have  a  large  effect  on 
the  overall  design  and  performance  characteristics  of  STOL  air¬ 
craft.  This  is  caused  by  the  action  of  the  propeller  slip¬ 
stream,  as  it  is  generally  used  to  augment  free-stream  slip¬ 
stream  to  give  increased  levels  of  lift.  For  this  reason  the 
wing  span  of  the  aircraft  is  a  function  of  the  propeller 
diameter,  with  the  result  that  wing  loading  and  disc  loading 
are  directly  connected.  To  find  the  best  configuration,  then, 
the  aircraft  characteristics  must  be  varied  as  well  as  the  pro¬ 
peller  diameter.  From  parametric  studies  of  wing  loading  as 
a  function  of  propeller  diameter  as  shown  on  Figure  4, the 
areas  for  peak  performance  are  identified.  It  will  then  be 
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Airplane  -  Gross  Weight  Figure 


possible  to  optimize  further  within  these  areas  to  find  the 
best  overall  propeller. 


DETAILED  PINAL  PROPELLER  DESIGN 

The  propeller  characteristics  required  for  a  new  airplane  in¬ 
stallation  are  established  from  parametric  analyses  such  as 
those  discussed  in  the  previous  section.  A  complete  in-depth 
design  analysis  of  oach  propeller  considered  in  these  para¬ 
metric  analyses  could  not.  be  done  at  this  time  due  to  lack  of 
detailed  design  data.  Tlie  accuracy  of  characteristics  of  the 
propeller  established  will  be  dependent  on  the  accuracy  of 
the  estimating  procedure  used.  For  propeller  installations 
similar  to  existing  installations,  these  estimates  have  been 
found  to  be  very  accurate.  However,  if  propellers  are  re¬ 
quired  for  large  increases  of  size  and  power  above  current 
experience,  the  accuracy  of  estimates  is  reduced.  If  the  com- 

§lete  design  analysis  shows  that  the  details  of  the  propeller 
iffer  greatly  from  the  propeller  characteristics  estimated 
for  the  parametric  analysis, it  will  be  necessary  to  redo  the 
analysis  and  establish  a  new  overall  airplane  configuration. 

Once  the  propellers  general  design  characteristics  in  terms  of 
diameter,  blade  number  and  activity  factor  are  found  with 
satisfactory  accuracy  from  the  parametric  studies,  an  in-depth 
analysis  is  done  to  completely  define  the  propeller  parameters 
for  design  release.  This  is  done  through  a  series  of  design 
studies  considering  all  aspects  of  aerodynamics,  structures, 
and  blade  design.  Only  through  a  large  number  of  design 
tradeoff  analyses, considering  all  the  aspects  of  the  design 
problem,  can  the  best  and  lightest  propeller  configuration  be 
obtained. 


Optimum  Propeller 

To  establish  the  detailed  blade  characteristics , it  is  neces¬ 
sary  to  find  the  optimum  configuration  and  performance  at  each 
important  airplane  operating  condition.  This  is  done  by  deter¬ 
mining  the  optimum  load  distribution  for  a  blade  with  a  given 
chord  and  thickness  ratio  distribution.  The  blade  width  and 
thickness  ratio  distributions  are  established  from  the  para¬ 
metric  analysis  and  estimating  procedures  given  in  the  Struc¬ 
tures  and  Blade  sections.  The  optimum  load  or  blade  lift 
distribution  is  found  using  the  theory  of  the  "Calculus  of 
Variation"  presented  in  the  Aerodynamics  section.  The  load 
distribution  obtained  using  this  method  will  not  necessarily 
correspond  to  either  that  for  peak- induced  efficiency  or  that 
for  the  maximum  lift/drag  ratio  of  each  blade  station.  The 
load  distribution  calculated  using  the  "Calculus  of  Variation" 
will  correspond  to  the  best  combination  of  the  profile  and 
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induced  loading  to  give  peak  efficiency, 


After  the  optimum  load  distributions  are  found  for  each  oper¬ 
ating  condition/  the  design  Cl  and  blade  angle  required  to 
satisfy  the' optimum  loading  are  determined.  At  each  blade 
station,  the  design  Cl  required  has  a  fairly  wide  range.  For 
instance,  design  lift  coefficients  in  the  range  of  .3  to  .5 
will  often  be  the  same  drag,  and  thus  the  same  lift/drac  ratio. 
This  wide  range  of  CLi  for  a  given  drag  Cp  makes  it  possible 
to  select  a  distribution  that  is  nearly  optimum  for  two  or  more 
flight  conditions,  and  thus  have  a  propeller  that  is  best  over 
a  much  wider  range  of  operating  conditions.  This  is  illus¬ 
trated  in  Figure  5. 


Thickness  Ratio  &  Section  Type  =  Constant 


Figure  5.  Selection  of  Section  Design  Lift 
Coefficient  -  CLi. 


With  the  selection  of  the  design  Cl  and  blade  angle  distri¬ 
butions  for  optimum  performance,  all  the  blade  aerodynamic 
characteristics  required  are  known. 


Propeller  Design 

Tha  details  of  the  blade  required  for  manufacture,  including 
its  structure  and  construction,  are  established  from  the  re¬ 
quired  aerodynamic  properties  using  the  procedures  as  described 
in  the  section  on  Structures  and  Blade  Design.  This  is  an 
iterative  process  to  establish  the  lightest  design  and  depends 
on  the  characteristics  of  the  installation  as  well  as 


aerodynamic  require,  ents  for  establishing  the  final  blade 
design.  During  this  design  analysis  phase,  problems  are  often 
encountered  where  deviations  in  the  previously  established 
aerodynamic  characteristics  are  necessary  to  meet  structural 
and  design  requirements  without  excessive  weight  penalties. 
Aerodynamic  analysis  of  design  change  required  to  satisfy  these 
structural  or  manufacturing  requirements  generally  shows  that 
design  changes  can  be  made  with  little  or  no  loss  of  perform¬ 
ance. 

The  hub,  blade  retention,  blade  angle  actuator  and  control 
system  are  dependent  on  the  blade  design  and  required  instal¬ 
lation  characteristics.  The  design  considerations  for  these 
are  covered  in  later  sections  of  the  report,  and  again  con¬ 
sideration  must  be  given  to  the  entire  system  to  obtain  the 
best  propeller.  For  instance,  the  integration  of  the  engine, 
gearbox  and  propeller  can  result  in  elimination  of  parts  and 
thus  important  weight  savings.  j 

During  the  design  phase  of  the  entire  propeller,  a  considerable 
amount  of  component  tests  should  be  done  to  assure  a  success¬ 
ful  design  and  completion  of  the  qualification  testing  without  j 
costly  redesign.  The  testing  necessary  will  include,  as  a  mini-  j 
mum,  material  fatigue,  blade  vibration,  blade  actuator,  cpntrol  ) 

system  and  hub  load  testing.  These  tests  must  be  planned  early  j 
in  the  development  to  assure  the  results  are  available  prior 
to  design  release,  so  that  the  necessary  corrective  action  can 
be  taken  before  the  propeller  is  completely  released  for  manu¬ 
facturing.  I 


QUALIFICATION  PROCEDURES  UNDERTAKEN 

The  current  requirements  for  qualifying  a  new  propeller  for  a 
military  installation  are  outlined  in  Reference  2.  These 
qualifying  procedures  have  been  made  more  concise  and  more 
stringent  compared  with  those  in  force  during  the  early  1950s.  j 

To  qualify  a  propeller  in  the  early  1950s, it  was  only  necessary  ! 
to  demonstrate  performance  of  1  hour  at  110%  maximum  speed,  ; 

20  hours  at  a  load  corresponding  to  200%  normal  power,  and  a  > 

105%  overspeed  centrifugal  load  proof  test.  Feathering  and 
reverse  testing  requirements  were  dependent  on  those  specified  j 
by  the  procuring  agency.  The  engine  endurance  test  required  ! 
a  50-hour  run  at  maximum  continuous  power  and  50  hours  at  a  j 

high  stress  condition  selected  on  the  basis  of  a  vibration  j 

survey  during  the  stand  testing.  Functional  tests  consisted  j 
of  500  manual  pitch  cycles  and  1500  automatic  pitch  cycles.  , 


Also,  as  a  part  of  the  propeller  type  test, it  was  calibrated 
at  the  zero-speed  condition  on  an  electric  motor  dynamometer. 
For  the  zero- speed  calibration,  the  propeller  was  usually  run 


at  a  series  of  blade  angles  from  -25  degrees  to  ^50  degrees 
in  increments  of  3  to  5  degrees  over  the  range  of  rotational 
speed  up  to  the  maximum.  Power  and  thrust  were  measured  at 
all  operating  conditions  and  corrected  to  standard  conditions. 

It  was  recognized  during  the  1950's  that  the  tests  as  described 
above  are  done  only  at  the  zero  speed  and  therefore  do  not 
necessarily  simulate  all  the  conditions  along  with  the  critical 
stress  condition  that  may  be  encountered  in  service.  Thus, 
service  experience  was  relied  upon  to  judge  the  acceptability 
of  a  new  propeller  installation,  and  if  unfavorable,  could  be 
sufficient  for  its  rejection  even  though  it  passed  the  type 
test. 

Experience  with  propellers  certified  in  this  manner  was  not 
good,  especially  on  aircraft  with  higher  powered  reciprocating 
and  turbine  engines.  As  the  engine  power  and  the  propeller 
diameter  increased,  a  number  of  new  unknown  problems  were  en¬ 
countered.  Although  there  was  a  considerable  amount  of  com¬ 
ponent  testing  done  by  the  contractors  in  developing  new 
propellers  during  this  time, the  work  was  not  adequate  to 
isolate  all  the  problems.  To  prevent  design  problems  and 
unknowns,  experience  has  shown  that  proper  qualification  test¬ 
ing  must  be  done  which  duplicates  the  conditions  to  be  encoun¬ 
tered  on  the  installation  to  obtain  the  degree  of  reliability 
and  safety  needed.  Coupled  with  this  testing  must  he  an 
adequate  engineering  program  to  account  for  secondary  struc¬ 
tural  and  dynamic  problems  which  may  become  of  major  importance. 


PRESENT  QUALIFICATION  REQUIREMENTS 

To  qualify  a  new  propeller  for  production,  extensive  testing  is 
now  required  (Reference  2) .  Before  the  propeller  can  be  cer¬ 
tificated  for  flight  operation  under  controlled  testing  con¬ 
ditions,  it  must  pass  a  preliminary  flight  release  test  (PFRT). 
The  testing  required  is  similar  to  that  used  for  previous 
qualification  procedures.  However,  before  the  endurance  test¬ 
ing  can  be  undertaken,  a  vibration  stress  summary  to  establish 
flutter  characteristics  of  the  hub  and  blade  is  first  required 
before  these  data  are  used  for  determining  the  test  operational 
limits  for  further  testing. 

The  propeller  is  then  to  be  calibrated  with  the  measurements 
of  thrust  and  power  up  to  rotational  speeds  of  120%  of 
the  maximum  rated  speed.  With  the  propeller  blade  angle  set 
for  normal  rated  power  and  rpm, it  shall  be  run  at  150%  of 
maximum  rated  horsepower  for  20  hours. 

After  the  structural  proof  testing  is  complete  and  teardown 
inspection  shows  no  problems,  the  propeller  is  reassembled  and 
functionally  tested.  The  overspeed  feather  test  not  only 
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confirms  the  propeller -s  ability  to  feather  from  a  severe 
oversnaed  condition/  but  it  also  tests  the  blade  retention  at 
conditions  of  twice  centrifugal  force.  The  propeller,  in 
demonstrating  the  ability  to  feather  at  141%  maximum  rated 
rpm  at  low  pitch  and  at  120%  maximum  rated  rpm  at  45  degrees 
blade  angle  and  above,  must  have  a  high  reserve  pitch  change 
capacity.  These  tests  are  more  fully  described  in  Reference 
2. 

In  addition  to  the  above  test,  a  50-hour  engine  test  is  re¬ 
quired.  This  test  series  is  designed  to  show  engine/propeller 
compatibility  and  requires  running  at  representative  operating 
conditions  such  as  takeoff , Military,  normal, maximum  reverse, 
etc.,  for  a  total  of  50  hour's.  This  test  simulates  the  torque 
conditions  expected  and  some  propeller  control  activity,  but 
does  not  subject  the  propeller" to  the  critical  flight  loads. 

The  engine/propeller  50-hour  test  also  does  not  simulate  the 
vibratory  loads  on  the  propeller. 

To  duplicate  flight  conditions,  preliminary  aircraft  tests 
are  required.  These  tests  are  conducted  on  an  aircraft  test 
bed  or  a  suitable  aircraft  having  a  nacelle  configuration 
similar  zo  the  proposed  application.  The  objectives  of  these 
tests  are  to  prove  compatibility  and  check  vibratory  stress 
levels.  This  program  usually  takes  place  during  the  initial 
flight  test  program,  and  the  propeller  is  carefully  monitored 
at  all  times. 

After  the  PFRT  has  been  ccinpleted  and  production 
is  undertaken,  a  very  extensive  test  program  is  required. 

This  program,  known  as  accreditation  tests,  is  necessary  to 
assure  the  propeller  can  demonstrate  adequate  safety  an  all 
flight  conditions.  Basically,  the  accreditation  tests  are 
extensions  of  the  PFRT.  An  additional  150  hours  of 
engine/propeller  testing  is  to  be  accomplished  with  150  suc¬ 
cessive  1-hour  cycle  tests  duplicating  the  same  conditions  of 
the  50  twin-engine  propeller  tests.  The  ice  control  system 
shall  be  cycled  during  these  tests.  As  part  of  the  accredi¬ 
tation  tests,  the  propeller  is  to  bs  subjected  to  environmental 
tests,  component  and  accessory  tests,  and  durability  tests. 

The  durability  tests  aro  to  establish  an  overhaul  period  of  at 
least  1500  hours.  A  cgmplete  description  of  the  test  require¬ 
ments,  inducing  records,  test  conditions  and  inspections,  is 
given  in  Reference  2. 


Commercial  Propeller  Qualifications 

A  type  certificate  for  a  new  propeller  can  be  obtained  from 
the  FAA  by  completing  vibration  tests,  centrifugal  load  tests, 
endurance  tests  and  functional  tests.  Information  specifying 
operational  limits,  instruction  manuals,  design  features, 
materials  and  durability  characteristics  of  the  blade  must  also 
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bo  provided. 


The  testing  requirements  listed  are  similar  to  those  required 
by  MIL  Specs.  A  vibration  test  to  determine  areas  of  high 
stress  in  all  -components  is  required.  The  propeller  must  also 
demonstrate  its  strength  by  operating  at  a  condition  equal  to 
twice  the  centrifugal  force  of  normal  operation  for  a  period 
of  1  hour.  This  requirement  can  be  completed  by  rotational 
test  or  a  pull  test. 

Endurance  testing  is  necessary  corresponding  to  a  100-hour 
engine  test  at  maximum  continuous  power  and  rpm  except  where 
the  vibration  test  showed  a  critical  rotational  speed  con¬ 
dition. 

In  this  case,  up  to  50  hours  of  the  100-hour  test  must  be  made 
at  this  critical  speed.  Also,  if  the  takeoff  rating  is  greater 
than  the  maximum  continuous  rating,  an  additional  10  hours  of 
block  testing  must  be  made  at  this  rating.  The  propeller  must 
also  be  endurance  tested  with  the  intended  engine  for  a  period 
of  150  hours.  This  running  must  be  made  at  conditions  simu¬ 
lating  actual  operation,  and  is  detailed  in  Reference  3. 

The  functional  test  requirements  consist  of  500  manually  con¬ 
trolled  cycles,  1500  complete  cycles  of  automatic  control 
through  the  range,  50  feather  cycles,  and  200  reverse  cycles. 
After  completing  these  tests,  the  propeller  must  pass  an  in¬ 
spection  after  being  disassembled.  Complete  details  are  given 
in  Reference  3. 


Recommendations 


The  tests  outlined  to  first  qualify  the  propeller  for  flight 
testing,  and  finally  for  production,  come  at  a  time  during  the 
program  where  problems  will  cause  costly  delays.  To  minimize 
such  problems,  a  better  definition  of  the  expected  environment 
is  required.  For  instance,  the  airplane,  engine  and  propeller 
must  be  integrated  so  that  the  structure  is  of  the 
proper  mounting  stiffness  and  impedance.  Also,  the  frequency 
of  the  wing  and  engine  propeller  mounts  must  be  matched  to  the 
propeller  weight,  strength  and  rpm  range.  The  flow  field 
should  be  completely  defined  so  that  the  blades  can  be  designed 
for  the  proper  level  of  Aq.  In  addition,  the  propeller  con¬ 
trol  requirements  and  safety  features  must  be  completely  speci¬ 
fied  to  eliminate  as  many  surprises  as  possible  during  the 
qualification  program. 

To  minimize  problems  and  surprises  during  qualification,  it  is 
therefore  recommended  that  the  propeller  design  criteria  as 
outlined  in  Appendix  I  of  Volume  III  be  completely  spec  fied 
well  in  advance  of  the  initiation  of  the  design.  Further 


component  testing  of  all  the  important  components  must  be  com¬ 
pleted  as  early  as  possible  to  allow  for  any  necessary  redesign 


MAINTENANCE,  RELIABILITY  AND  SAFETY 

The  maintenance  requirements  of  propellers  in  use  during  the 
1940's  and  early  1950S  were  specified  in  the  service  manuals. 
Generally,  daily  visual  inspections  were  specified  which  called 
for  a  visual  inspection  of  the  blades,  hub  and  power  unit. 

These  inspections  did  not  call  for  the  removal  of  covers.  Pre¬ 
flight  checks  of  operation  were  also  specified  to  prevent  take¬ 
off  with  a  nonoperating  propeller.  The  visual  inspections 
call  for  removing  grease  and  dirt  and  looking  for  cracks, 
scratches,  nicks  and  corrosion  and  taking  the  necessary  cor¬ 
rective  action. 

Maintenance  inspections  calling  for  removal  of  covers,  lubri¬ 
cation  and  visual  inspection  were  required  at  100-hour 
intervals.  Included  in  this  maintenance  work  was  the  inspec¬ 
tion  and  cleaning  of  electrical  points. 

Complete  propeller  removal  with  complete  teardown  and  inspec¬ 
tion  during  this  period  was  usually  specified  by  the  operator 
as  the  requirement,  especially  during  wartime,  depending  on  the 
operation.  This  teardown  and  inspection  was  a  complete  over¬ 
haul  of  the  propeller  and  included  magnaflux  of  all  critical 
steel  parts  including  steel  blades,  replacement  of  bearings, 
seals,  etc. 

The  success  of  the  maintenance  program  described  above  depended 
largely  on  the  diligence  of  the  maintenance  crew  and  the 
accessibility  of  critical  parts.  Primary  structural  components 
covered  by  aerodynamic  surfaces,  critical  parts  hidden  within 
the  propeller,  and  incomplete  service  information  were  other 
causes  of  maintenance  difficulties.  Thus,  many  of  the  main¬ 
tenance  problems  of  this  period  were  caused  by  basic  design 
errors  as  well  as  human  errors. 

The  propellers  of  the  1950's  were  designed  with  primary 
emphasis  on  maximum  performance,  minimum  weight  and  protection 
from  mechanical  failures.  Little  attention  was  given  to  main¬ 
tenance  considerations,  and  therefore  many  of  the  propellers 
were  overcomplicated  and  complex.  Removal  of  bladas  of  some 
propellers,  for  instance,  would  require  the  complete  teardown 
of  the  complete  propeller  involving  many  man-hours.  In  addi¬ 
tion,  such  a  teardown  would  involve  disturbing  assemblies 
prematurely.  Thus,  if  it  were  necessary  to  change  a  blade  due 
to  foreign-object  damage,  excessive  disassembly  would  be 
required. 


The  multiplicity  of  propeller  parts  used  in  past  designs  has 


tended  to  encourage  a  high  frequency  of  maintenance  actions, 
and  it  was  difficult  to  identify  troublesome  items.  The  com¬ 
plexity  of  some  of  the  propellers,  particularly  those  used  on 
turboprop  engines,  required  the  employment  of  highly  trained  and 
equipped  personnel  to  handle  the  troubleshooting,  removal  and 
repair  required. 

To  be  competitive  from  the  standpoint  of  maintenance,  the 
propeller  of  the  future  must  employ  the  concept  of  modular 
construction  used  on  some  of  the  earlier  Curtiss  Electric  pro¬ 
pellers,  and  one  of  the  recent  Hamilton  Standard  propellers 
used  on  the  AH-56  (AAFSS)  helicopter.  These  propellers  offered 
the  advantage  of  easy  blade  replacement  in  the  field,  and 
separate  power  units  and  speed  controls  allowing  replacement 
without  disturbing  other  assemblies.  The  blades,  control  unit 
and  all  ether  propeller  components  must  be  designed  with  an 
overhaul  life  exceeding  the  engine,  so  that  the  only  maintenance 
action  required  would  be  a  result  of  foreign-object  damage. 

Thus,  items  would  be  replaced  as  a  result  of  condition  only 
and  complete  overhaul.  Also  required  will  be  easy  access  to 
the  critical  -parts  required  for  inspection,  so  that  excessive 
time  is  not  required  to  .perform  preflight  inspection  tasks. 

Further,  it  is  desirable  to  design  the  propeller  using  the  con¬ 
cept  of  on-condition,  maintenance  only.  Then  the  propeller 
becomes  less  important  in  determining  the  downtime  of  the  air¬ 
plane. 
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PROPELLER  AERODYNAMICS 


INTRODUCTION 


The  aerodynamics  of  propellers  have  been  developed  over  the 
years  so  that  there  are  niany  design  and  evaluation  procedures 
available  for  determining  their  characteristics.  These  pro¬ 
cedures  run  from  short  single-point  methods  of  analysis  to  the 
more  extensive  complete  strip  methods.  The  short  method  of 
analysis  considers  the  propeller  as  a  whole  and  is  useful  for 
preliminary  design  analysis  and  evaluating  propeller  per¬ 
formance  data.  The  strip  analysis  procedures  consider-  each 
section  of  the  propeller  blade  from  root  to  tip  and  are  the 
most  accurate  calculation  methods  for  finding  the  performance. 

In  this  section  the  aerodynamics  theory  and  data  will  be  pre¬ 
sented  so  that  methods  will  be  available  for  designing  and 
analyzing  any  type  of  propeller.  The  theory  and  data  presented 
are  limited  to  those  needed  for  the  practical  design  and  the 
evaluation  of  the  performance  of  the  propellers  operating  over 
the  speed,  power,  altitude  and  angle  range  of  conventional  and 
V/STOL  airplanes.  In  the  development  of  the  design  and  per¬ 
formance  evaluation  procedures,  empirical  corrections  have  been 
avoided  where  possible.  The  empirical  corrections  and  data 
are  only  applied  where  the  theory  is  not  available;  for  in¬ 
stance,  at  negative  thrust  and  other  off-design  operating  con¬ 
ditions.  It  is  considered  important  to  stay  close  to  the 
theory  wherever  possible  to  provide  information  for  improving 
the  design  and  correcting  any  deficiencies. 

The  primary  function  of  a  propeller  is  the  conversion  of  shaft 
torque  to  shaft  thrust  in  an  efficient  manner.  If  the  propel¬ 
ler  is  operating  at  a  given  free-stream  velocity  V  and  is  pro¬ 
ducing  a  thrust  T,  the  efficiency  becomes 

Power  output  _  TV  _  TV 
v  ~  Power  input  "  550  (hp)  P  '  ' 


where 


V 
T 
P 

V 


hp 


propulsive  efficiency 

thrust 

power 

free-stream  velocity 

shaft  power  absorbed  by  the  propeller 


Equation  (5) is  the  usual  definition  of  efficiency  and  is  used 
at  all  conditions  where  V  is  greater  than  zero.  At  zero  vel¬ 
ocity,  the  performance  or  efficiency  of  a  propeller  is  measured 
by  the  term  Figure  of  Merit,  FM,  which  is  defined  by  the 
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equation 


FM 


-life. -  pl. 

\I 53.64  hp  D„  \J  ApO- 


where  Dp 

°w 

Ap 


propeller  diameter 
wake  diameter 
propeller  disc  area 

density  ratio 


(6) 


The  efficiency  of  a  given  propeller  at  any  condition  depends 
on  the  losses  due  to  friction  and  those  losses  due  to  the 
acceleration  of  the  fluid. 

The  efficiency  loss  due  to  the  production  of  thrust  as  a 
result  of  the  acceleration  of  the  fluid  is  known  as  the  in¬ 
duced  loss.  The  induced  efficiency,  a  measure  of  the  induced 
loss,  is  the  efficiency  of  the  propeller  when  the  profile  drag 
of  the  blade  sections  is  zero.  If  the  propeller  were  moving 
through  the  air  with  zero  slip,  the  induced  efficiency  would  be 
100%.  However,  as  the  propeller  must  accelerate  the  fluid  to 
produce  thrust,  the  induced  efficiency  is  always  less  than  100%. 
The  induced  efficiency  accounts  for  all  the  losses  due  to  the 
acceleration  of  the  fluid, including  the  axial,  tangential  and 
radial  losses.  Thus  the  energy  expended  as  a  result  of  flow 
about  the  blade  tip  and  between  blades  is  accounted  for  as 
well  as  the  axial  velocity  when  the  induced  efficiency  is 
found. 

The  profile  efficiency  of  a  propeller,  a  measure  of  the  losses 
due  to  friction,  depends  on  the  drag  of  the  two-dimensional 
airfoil  sections  used  for  the  blades,  the  operating  lift, 
Reynolds  number,  Mach  number  and  their  distribution  along  the 
radius.  The  section  drag  of  the  blade  will  reduce  the  thrust 
and  increase  the  power  required,  and  is  therefore  a  direct 
loss.  The  profile  efficiency  is  then  a  measure  of  the  losses 
due  to  drag  of  the  blade  section.  To  determine  the  profile 
losses  of  propellers,  a  large  amount  of  two-dimensional  airfoil 
data  is  required.  The  airfoil  data  are  needed  as  a  function 
of  thickness  ratio,  section  type,  design  lift  coefficient, 

Mach  number  and  Reynolds  number. 


BASIC  PROPELLER  THEORY 

The  theory  of  propellers  has  been  developed  so  that  it  is  now 
possible,  using  suitable  two-dimensional  airfoil  data,  to 


design  highly  efficient  propellers  and  predict  their  perform¬ 
ance  over  a  wide  variety  of  operating  conditions.  The  theory 
has  developed  from  the  very  simple  momentum  theory  concept, 
which  allows  a  prediction  of  the  overall  highly  idealized  per¬ 
formance  of  a  prope1  ler,  to  the  more  complex  vortex  theory, 
which  enables  the  r>r3diction  of  the  induced  losses  and  the 
application  of  two  .mensional  airfoil  data  for  calculating 
the  profile  losses.  By  knowing  both  the  induced  and  profile 
losses,  the  total  propeller  efficiency  is  thus  determined. 

There  have  been  many  approaches  used  to  develop  a  theory  of 
propellers  suitable  for  designing  and  evaluating  them  over  a 
wide  range  of  operating  conditions.  However,  only  those 
theories  which  have  been  applied  to  calculate  propeller  per¬ 
formance  will  be  discussed  in  this  report.  These  will  include 
the  simple  momentum  theory  and  the  vortex  theory  propeller 
given  by  Goldstein  and  Theodorsen  and  their  modifications  for 
practical  application. 

The  basic  theory  of  propellers  applies  only  for  the  case  when 
propellers  are  operating  in  an  incompressible  fluid  under 
steady- state  conditions.  Modifications  to  the  theory  are 
therefore  necessary  when  performance  is  required  for  the  com¬ 
pressible  flow  case.  Where  the  flow  is  effectively  unsteady, 
as  when  the  propeller  is  operating  at  high  shaft  angle  of 
attack, also  requires  modification  to  the  basic  theory.  The 
other  theoretical  approaches  available  may  be  found  in  Refer¬ 
ences  14  and  15. 


Propeller  Momentum  Theory 

As  the  thrust  of  a  propeller  is  produced  from  the  acceleration 
of  the  fluid,  an  understanding  of  the  flow  process  is  important 
in  the  development  of  the  theory  and  the  design  analysis  of  new 
propellers.  The  classical  axial  momentum  theory  gives  the 
basis  for  describing  the  flow  process  and  for  finding  the  peak 
efficiency.  For  this  reason  and  the  fact  that  the  momentum 
theory  is  basically  the  foundation  of  all  propeller  theory,  it 
is  presented  here.  The  basic  or  simple  momentum  theory  was 
developed  by  Ranklne  &  Froude  for  ship  propellers  and  has  been 
presented  by  many  others,  including  Glauret,  Reference  4. 

Consider  a  propeller  with  an  infinite  nunber  of  blades,  each 
capable  of  imparting  an  increase  of  axial  velocity  to  the  air. 
The  propeller  has  a  disc  area  AD  and  is  advancing  with  a  vel¬ 
ocity  V0  in  a  fluid  with  a  density  p.  The  propeller  is  assumed 
to  produce  a  thrust  T  and  is  absorbing  power  ?.  As  the  fluid 
passes  through  the  propeller,  it  is  continuous.  The  velocity 
is  identical  on  either  side  of  the  disc,  but  the  pressure  in¬ 
creases  by  a  factor  T/A.  The  pressure  decreases  in  the  final 
wake  to  that  of  the  free  stream, with  a  corresponding  increase 
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in  velocity  and  a  decrease  of  area.  The  pressure  in  the  fluid 
far  upstream  and  far  downstream  is  equal  to  the  ambient  pres¬ 
sure  p0.  The  general  type  of  flow  for  the  propeller  is  shown 
on  Figure  6. 


Figure  6.  Propeller  in  an  Axial  Flow  Stream. 

If  the  propeller  is  handling  a  mass  of  air  of  m  pounds  per 
second  and  the  velocity  in  the  final  wake  has  been  increased 
to  Vw,the  force  is  equal  to  the  change  in  momentum.  Thus 

T  a  m  (Vw  +  V0)  =  mu  (7) 

where  T  =  the  thrust  produced 

m  s  the  mass  of  air  handled 
VQ  =  initial  velocity 
Vp  =  velocity  at  disc  =  V0  +  Up 
Vw  =  velocity  in  final  wake  =  VQ  +  u 
u'  =  the  velocity  increase  through  the 
propeller  disc 

p  =  the  mass  density  of  the  air 
u  =  the  velocity  increase  in  final  slipstream 

The  increase  of  kinetic  energy  in  the  slipstream  is 

KE  =  h  m  (v2  -  v|)  (8) 

Since  power  is  equal  to  the  change  in  kinetic  energy,  the  power 

IS 


p  =  h  m  (v*  -  v^J 


(9) 


As  the  propeller  is  advancing  with 
output  is 


a  velocity  V0,the  power 


Power  out  =  T  VQ 

Since  efficiency  is  the  ratio  of  power  out  to  power  in, or 
_  Power  out  _  m^vw  ~  vo^vo 


Power  in 
Equation  11  reduces  to 


^w  _  V2) 


(ll) 


v  = 


(12) 


Since  the  -nergy  is  only  added  at  the  propeller  disc,  the  total 
head  upstream  is  constant  and  the  total  head  downstream  of  the 
propeller  is  constant.  The  difference  in  head  across  the  disc 
represents  the  pressure  rise  due  to  thrust  since  there  is  no 
change  of  velocity  through  the  disc. 


Thus  Hl  “  H0  =  p 

Ho  =  P0  +  ^Vo  =  V(V  +  u')2  +  p' 
H]_  a  p  +  p.  +  +  u'  )2 

P  =  Hj  -  Hq=  p(V  +  *5  u)u  =  T/A 
Since  T  =  P  A  (V  +  u 1  )u 

then  u'  =  *5  u 


(13) 

(14) 

(15) 

(16) 

(17) 

(18) 


Thus  the  momentum  theory  gives  the  propeller  desiqner  a  meas¬ 
ure  of  the  peak  efficiency  that  can  be  expected  for  any  pro¬ 
peller  disc  area  or  diameter.  The  momentum  theory  also 
provides  information  as  to  the  increment  of  velocity  throuqh 
the  propeller  disc  in  relationship  to  the  velocity  in  the 
final  wake.  This  conclusion  is  of  major  importance  in  the 
application  of  the  more  complex  vortex  theory  of  propellers  to 
be  covered  later  in  this  section.  The  momentum  theory  only 
provides  average  information  on  the  flow  of  a  propeller  with 
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an  infinite  number  of  blades.  Further,  since  there  is  rota¬ 
tion  in  the  final  stream,  the  solution  of  the  momentum  equa¬ 
tions  represents  the  case  of  a  highly  idealized  propeller. 

This  is  of  interest  only  as  it  gives  information  with  respect 
to  the  peak  efficiency. 

Momentum  Theory  Static  Condition 

When  the  forward  velocity  is  zero,  as  at  the  start  of  takeoff 
or  hover,  the  efficiency  as  described  by  the  above  is  zero 
since  the  free-stream  velocity  is  zero.  To  assess  the  overall 
worth  of  a  propeller  at  these  conditions,  the  level  of  thrust 
to  power  could  be  used  as  measured.  Thus,  from  Equation  (13) 
at  V  =  0, 

T/P  =  -  (19) 

u 

The  term  T/P  does  not  have  any  particular  significance  when 
considered  alone,  as  in  the  case  of  efficiency.  That  is,  a 
maximum  value  of  thrust  or  efficiency  is  not  apparent.  For 
this  reason  the  term  Figure  of  Merit  was  developed  for  meas¬ 
ure  of  relative  performance  or  efficiency  of  propellers  and 
rotors  operating  at  the  static  condition.  The  figure  of  merit 
of  a  propeller  is  a  measure  of  power  in  the  slipstream  to  the 
power  input.  If  the  process  were  100%  efficient,  the  power  in 
the  slipstream  would  equal  the  power  input.  Since  all  the 
input  or  shaft  power  is  not  converted  into  slipstream  power 
and  likewise  this  slipstream  power  is  not  converted  to  thrust, 
the  flow  process  is  not  equal  to  100%  as  in  the  case  if  the 
process  were  adiabatic.  Thus  the  term  Figure  of  Merit  can  be 
thought  of  as  the  efficiency  of  the  adiabatic  process.  Thus, 

2  2 

FM  _  Power  out  _  h  w(Vw  -  Vn) 

Power  in  550  hp  V  ' 


at  the  static  condition  VQ  =  0  &  Vw  =  u 


FM  =  Tu _ 

1100  hp 

From  Equation (18 )and  noting  that 

M  =  ApUp  and  u'  =  u/2 
u'ap  =  A^u 


m 


the  velocity  increase  in  the  final  wake  becomes 


Ap 


and 


V^p 


p Ap  D2  .002378 


(25) 


(26) 


u  =  -E  20.3/S— I-  (27) 

\/AP  * 

Substituting  Equation  (27)  in  (21),  the  Figure  of  Merit  becomes 


FM  = 

Since  at  the 

FM  = 


T  £p  1  /  T 

hp  Dw  53.64  Ap 

static  condition  by  momentum  consideration 
T 3/2 

38.94hfcl  /<r^p 


(28) 


(29) 


Substituting  the  standard  propeller  thrust  and  power  coef¬ 
ficients  in  Equation  (29),  the  Figure  of  Merit  in  coefficient 
form  becomes 

-  .798fqrf/" 


FM  = 


(30) 


With  the  equations  for  calculating  the  ideal  efficiency  of  j 

propellers  by  momentum  considerations  and  efficiency  at  zero  > 

velocity  using  the  concept  of  Figure  of  Merit,  the  tools  are  j 
available  for  evaluating  the  relative  merits  of  any  con¬ 
figuration.  When  evaluating  a  given  propeller,  it  is  useful  I 

to  find  the  peak  value  as  represented  by  the  ideal  efficiency  j 

and  compare  this  efficiency  with  that  of  the  actual  config-  I 

uration  to  determine  if  changes  should  be  made  to  improve  the 
performance. 

f 

It  is  particularly  useful  to  compare  the  performance  measured  ( 

by  test  to  that  of  the  ideal  efficiency.  Many  times  the  j 

measured  propeller  efficiency  has  been  above  the  ideal  due  to 
test  errors.  By  comparing  with  the  ideal,  the  errors  have 
been  found. 

The  ideal  efficiency  of  a  given  configuration  is  an  excellent 
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measure  for  the  assessment  of  the  performance  requirements  of 
a  new  installation.  For  instance,  when  thrust  requirements 
for  a  new  installation  are  compared  with  the  ideal  performance 
for  the  given  power,  velocity  and  diameter  problems  can  be 
quickly  determined  with  the  overall  design. 

It  is  therefore  important  to  determine  the  ideal  efficiency  of 
a  new  propeller  early  in  the  design  evaluation  to  assure  that 
the  required  performance  is  below  the  ideal.  Otherwise,  an 
impossible  situation  will  exist  and  a  new  configuration  will 
have  to  be  developed. 


Vortex  Theory  of  Propellers  V>0 

Although  the  momentum  theory  of  propellers  provides  certain 
basic  information  that  is  suitable  in  determining  the  upper  limits 
of  performance,  the  assumptions  used  in  the  theory  are  too  gross 
to  be  practical  for  actual  propellers  with  a  finite  number  of 
blades.  With  a  practical  propeller,  the  axial,  radial  and  tan¬ 
gential  velocity  losses  must  be  found  instead  of  only  the 
axial  loss  as  is  found  for  the  actuator  disc  considered  in  the 
momentum  theory.  Also,  with  practical  propellers  having  a 
finite  number  of  blades,  the  axial  velocity  is  not  uniform 
across  the  disc,  further  increasing  the  losses.  For  these 
reasons,  a  more  extensive  theory  is  required  to  find  the  induced 
losses  and  velocity  field  of  the  actual  propeller  than  is  pos¬ 
sible  using  the  simple  momentum  theory. 

The  actual  induced  velocity  at  any  blade  station  is  required 
so  that  the  total  induced  losses  may  be  found  as  well  as  the 
flow  corresponding  to  two-dimensional  conditions.  Knowing  the 
induced  losses,  the  induced  efficiency  can  of  course  be  found. 
Also,  with  the  true  induced  velocity  known,  the  true  two-di¬ 
mensional  conditions  at  any  blade  station  can  be  determined. 

This  makes  it  possible  to  apply  two-dimensional  airfoil  data 
for  finding  the  drag,  lift/drag  ratio,  and  so  the  profile  ef¬ 
ficiency.  The  combination  of  the  induced  efficiency  and' pro¬ 
file  efficiency  of  course  makes  it  possible  to  determine  the 
total  efficiency  of  the  propeller. 

The  problem  of  determining  the  inflow  velocity  for  an  actual 
propeller  with  any  load  distribution  resolves  itself  with  deter¬ 
mining  the  positions  of  the  vortices  in  the  final  wake.  Since 
the  vortices  proceed  downstream  with  a  velocity  equal  to  the 
free-stream  velocity  plus  the  induced  velocity  and  the  induced 
velocity  is  dependent  on  the  load,  the  position  of  the  vortices 
in  the  final  wake  is  not  directly  known.  Thus,  if  the  induced 
velocity  is  calculated  directly  for  a  given  load  distribution, 
it  will  be  necessary  to  assume  the  position  of  the  vortices  in 
the  final  wake,  calculate  the  induced  velocity  at  the  propeller, 
find  a  new  vortex  wake,  and  recalculate  the  velocity  at  the 
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propeller  until  convergence  is  obtained.  Since  the  vortices 
produced  by  ail  the  blade  stations  on  each  olade  of  the  pro¬ 
peller  influence  the  induced  velocity  at  each  blade  station, 
the  procedure  described  is  very  lengthy  and  has  not  been  suc¬ 
cessfully  accomplished.  This  is  especially  true  at  the  static 
case,  V  =  0,  where  the  induced  velocity  determines  the  position 
of  the  vortices  in  the  final  wahe  only  (Reference  5). 

Using  a  vortex  theory  similar  to  wing  theory, Goldstein (Ref er- 
ence  6)  developed  the  first  practical  solution  for  calculating 
the  induced  velocity  for  a  propeller  with  a  finite  blade  number 
operating  in  incompressible  flow.  He  assumed  that  the  circu¬ 
lation  at  the  root  and  the  tip  of  each  blade  is  zero;  the  blade 
is  represented  by  a  lifting  line  v/ith  the  strength  bi/br  equal 
to  the  change  in  circulation  between  stations.  These  vortex 
lines  are  assumed  to  form  helical  vortex  sheets  that  extend 
from  the  blade  to  infinity. 

Goldstein  formulated  the  problem  for  calculating  the  induced 
velocity  at  the  propeller  by  using  the  concept  of  rigid  vorvex 
sheets.  This  approach  was  used  as  Betz  and  others,  who 
showed  that  when  the  blade  loading  is  equal  to  that  for  minimum 
power,  the  vortex  sheets  behind  the  propeller  will  be  rigid. 
Thus,  using  the  idea  of  optimum  load  distribution,  the  vortex 
sheets  are  rigid  behind  the  propeller  and  a  practical  solution 
becomes  possible. 

Goldstein  solved  the  problem  by  placing  the  rigid  vortex  sheets 
in  a  potential  stream  and  calculated  the  conditions  at  the  pro¬ 
peller.  In  this  calculation  it  was  assumed  that  the  helical 
pitch  angle  is  equal  to 

0  =  tan-*  -3£—  (31) 

irnD 

where  V  -  the  free-stream  velocity 
n  =  rotational  speed, rps 
D  =  propeller  diameter 

Thus  it  is  assumed  that  the  induced  velocity  is  very  small  in 
relation  to  the  free-stream  velocity  and  can  be  neglected. 

This  is  the  assumption  of  light  loading  and  assumes  the  pro¬ 
peller  is  moving  through  the  air  with  zero  slip.  By  using 
this  assumption,  Goldstein  then  solved  the  potential  flow  prob¬ 
lem  with  Bessel  function  and  generated  coefficients  that  could 
be  used  to  find  the  induced  velocity  as  a.  function  of  advance 
ratio. 

Goldstein  related  the  strength  of  the  circulation  to  the  vel¬ 
ocity  of  the  screw  surface  w  by  the  relationship  shown  in 
Equation  (32),which  was  calculated  as  a  function  of  advance  ratio 
for  two-  and  four -blade  propellers, 
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K(x)  = 


B  r  <■> 
2r  Vw 


(32) 


where  B  =  blade  number 

'  =  2rn 

V  =  the  forward  velocity 

w  =  the  velocity  of  the  screw  surface  on  its  axis 

By  using  the  relation  that  the  induced  velocity  in  wake  is 
twice  that  at  the  propeller  and  assuming  zero  slipstream  con¬ 
traction/the  total  induced  velocity  at  any  blade  station  can 
be  found  using  the  values  of  K(x)  calculated  by  Goldstein, 
Reference  6. 

Propeller  theory  is  similar  to  wing  theory  in  that  both  use 
the  concept  of  the  surface  of  discontinuity  within  a  potential 
flow  field  to  determine  the  velocity  change  due  to  the  gener¬ 
ation  of  lift.  As  was  noted  previously,  the  propeller  sheds  a 
series  of  vortices  which  form  a  vortex  surface.  The  strength 
of  the  vortices  shed  at  each  point  is  dependent  on  the  change 
in  lift  or  circulation  along  the  span.  Since  no  flow  can 
theoretically  penetrate  the  vortex  surface  formed  by  the  shed 
vortices,  the  velocity  normal  to  the  surface  is  identical  on 
both  sides.  This  means  the  surface  must  be  moving  downstream 
from  the  propeller  with  a  velocity  equal  to  the  free-stream 
velocity  plus  a  velocity  represented  by  w,  the  displacement  vel¬ 
ocity.  Within  the  field, the  flow  can  pass  around  the  edges  of 
the  surface  of  discontinuity?  as  a  result  of  this  flow,  the 
tangential  velocity  difference  at  any  point  on  the  vortex  sur¬ 
face  is  equal  to  the  strength  of  the  surface.  In  reality  the 
difference  in  the  tangential  velocity  is  equal  to  the  net 
effect  of  all  the  elements  of  vortices  in  the  field  which  were 
formed  due  to  change  in  circulation  along  the  blade  span. 

Thus,  if  the  tangential  velocity  is  determined  on  either  side 
of  the  vortex  sheet,  the  change  is  equal  to  the  effect  of  all  the 
lift  changes  produced  by  the  propeller.  Now  these  lift  changes 
represent  the  difference  between  the  two-dimensional  ideal  case 
and  the  actual  three-dimensional  propeller.  For  this  reason, 
if  the  change  in  velocity  is  determined  based  on  the  flow 
around  the  vortex  sheets  at  the  propeller  disc, it  is  exactly 
the  velocity  change  necessary  to  apply  two-dimensional  airfoil 
data.  An  integration  of  this  velocity  also  represents  the 
efficiency  loss  due  to  three-dimensional  effects,  i.e.,the 
effects  of  the  shed  vortices  due  to  lift  changes.  Thus  the 
potential  solution  developed  by  Goldstein  was  a  major  step 
development  of  the  theory  of  propellers,  as  it  provided  the 
data  required  for  the  application  of  two-dimensional  airfoil 
data. 

Lock, Reference  7,  expanded  the  work  of  Goldstein  and  published 
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suitable  working  charts  for  two-,  three-,  four-  and  six-blade 
single-rotating  propellers.  These  charts  were  found  to  give 
satisfactory  results  when  applied  for  calculating  the  per¬ 
formance  of  propellers  operating  at  the  usual  climb,  cruise 
and  high-speed  conditions. 

The  working  charts  developed  by  Lock  usir-  the  Goldstein  theory 
were  found  to  give  accurate  results  for  propellers  operating 
at  the  usual  cruise  and  climb  conditions.  When  operating  at 
low  advance  ratios  and  high  loadings,  it  was  believed  that  the 
assumption  of  light  loading  used  by  Goldstein  was  leading  to 
inaccurate  results.  Since  power  loading  was  also  increasing 
and  dual- rotation  propellers  were  being  considered,  an  improve¬ 
ment  in  the  basic  Goldstein  theory  was  found  to  be  necessary. 


Vortex  Theory  -  Theodorsen  -  V  s>  Q 


The  vortex  theory  of  propellers  developed  by  Goldstein  was  ex¬ 
tended  to  the  case  of  heavy  loading  by  Theodorsen  using  the 
same  basic  concepts  of  the  rigid  helical  surface,  zero  circula¬ 
tion  at  the  tip  and  root,  and  a  circulation  whose  strength  is 
equal  to  a  1/ a  rat  a  given  blade  station.  Since  the  basic 
potential  flow  solution  is  the  same  for  any  loading  as  long  as 
the  blade  number  and  helix  angle  are  the  same, the  main  dif¬ 
ference  between  the  basic  Goldstein  theory  and  that  of  Theo¬ 
dorsen  is  the  handling  of  the  results  of  the  potential  flow 
solution.  Reference  8. 

Theodorsen  showed  that  the  wake  or  pitch  of  the  helical  screw 
surface  is  dependent  not  only  by  the  advance  ratio  but  also 
by  the  term  displacement  velocity,  w.  The  displacement  vel¬ 
ocity  (w}is  defined  by  Goldstein  as  the  velocity  of  the  screw 
surface  in  the  direction  of  its  axis.  Thus,  when  the  term  K(x) 
was  found  from  the  potential  flow  solution  to  relate  the 
strength  of  the  circulation  to  the  displacement  velocity, it  was 
shown  that  helix  angle  should  be  equal  to 

=  tan*  X-±J£  (33) 

^  mD 

rather  than 

=  ta“1  (34) 

as  was  used  by  Goldstein,  which  is  the  assumption  of  light  load¬ 
ing. 

The  effect  of  finding  K(x)  at  the  higher  helix  angle  ig  to  lower 
its  value  and  increase  the  magnitude  of  the  displacement  ve¬ 
locity  for  a  given  loading.  Thus  the  induced  efficiency  is 
reduced  as  a  result  of  using  the  concept  of  heavy  loading. 
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The  use  of  the  helix  angle  in  the  final  wake  based  on  its 
actual  pitch  leads  to  a  new  definition  of  the  term  K(x). 
Theodorsen  uses 


K(x)  = 


b  r*>  _ 

2  it  (V  +  w )  w 


(35) 


where 


B  =  the  blade  number 
r  =  the  strength  of  circulation 
u  =  rotational  speed 
V  =  free-stream  velocity 
w  =  displacement  velocity 


rather  than  the  definition  used  by  Goldstein,  Equation  (32). 

This  change  in  the  definition  of  K(x)  tends  to  reduce  the  dis¬ 
placement  velocity.  Therefore,  any  errors  in  the  efficiency  as 
a  result  of  the  use  of  the  concept  of  light  loading  tend  to 
compensate. 

The  error  of  the  displacement  velocity  obtained  using  the 
Goldstein  assumption  of  light  loading  will  cause  an  error  in 
the  calculation  of  the  induced  velocity.  More  serious,  how¬ 
ever,  are  the  errors  in  determining  blade  design  character¬ 
istics  using  Equation  (34)  rather  than  (33).  A  small  error  in 
the  displacement  velocity  can  lead  to  errors  in  blade  angle 
distribution  that  may  reduce  the  efficiency,  especially  at  the 
low-advance -ratio  conditions.  For  this  reason,  the  Theodorsen 
theory  should  be  used  rather  than  the  Goldstein  theory  for 
finding  the  induced  efficiency,  the  flow  conditions  at  the 
propeller,  and  in  the  final  wake  and  the  detailed  design. 

In  addition  to  modifying  the  Goldstein  theory  to  apply  at  the 
heavy  loading  condition,  Theodorsen  extended  the  theory  and 
data  to  apply  for  both  single-  and  dual -rotation  propellers. 

Using  the  electrical  analogy  technique  with  actual  models  of 
helical  vortices  instead  of  Bessel  functions,  Theodorsen  found 
values  of  K(x)  for  single-  and  dual -rotation  propellers  at  the 
blade  stations  from  hub  to  tip  and  advance  ratios  1  to  6. 

These  measured  values  of  K(x)  agreed  very  closely  with  the 
Goldstein  values  when  compared  at  the  same  helix  angle. 

An  integration  of  K(x)  and  K(x,e),  where  e  represents  the  angle 
with  respect  to  the  helix  necessary  for  dual- rotation  pro¬ 
pellers,  gives  the  mass  coefficient  k  (equation  (34) 

r2f 

k  =  -“  /  /K(x,e)  de  x  dx  (36) 

for  dual-rotation  propellers  and 
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k 


2 


K(x)  x  dx 


for  single-rotation  propellers. 


(37) 


The  quantity  k  in  equations  defined  is  the  mass  coefficient 
and  can  be  thought  of  as  the  modifier  for  correcting  the 
momertum  equation  to  the  three-dimensional  case.  The  mass 
coefficient  is  actually 


where  w'  =  mean  displacement  velocity  over  the  wake 

w  =  rearward  displacement  velocity  at  the  vortex 

Another  interpretation  of  the  mass  coefficient  is  that  the 
full  interference  or  displacement  velocity  is  imparted  to  the 
air  of  cross  section  k  times  the  cross  section  of  the  wake 
helix.  The  mass  coefficient  is  particularly  useful  when  cal¬ 
culating  the  performance  of  dual-rotation  propellers.  It  is 
also  useful  when  assessing  the  source  of  the  slipstream  losses 
and  determining  the  true  interference  velocity  at  the  pro¬ 
peller. 

The  values  of  K(x)  and  k originally  published  by  Theodorsen 
were  found  to  be  somewhat  in  error.  Crigler,  Reference  9, 
corrected  the  values  of  K(x)  and  k  needed  to  calculate  the 
performance  of  propellers  by  strip  analysis.  The  corrected 
values  of  K(x)  and  k required  are  presented  in  Figures  7  through 
18  as  a  function  of  the  advance  ratio  in  the  final  wake  J(l->-  w). 
The  axial  loss  coefficients  <A  are  given  in  Figures  19  and  20. 

Propeller  Strip  Theory  -  Single  Rotation  -  V=»0 

Propeller  strip  theory  has  been  developed  to  use  the  data  from 
the  vortex  theory  of  propellers  to  determine  the  induced  ef¬ 
ficiency  and  the  induced  velocity  for  the  application  of  two- 
dimensional  airfoil  data  for  calculating  the  profile  efficiency. 
Vhe  strip  theory  is  used  to  find  the  performance  as  it  makes 
possible  a  complete  analysis  of  all  the  details  of  the  pro¬ 
peller  blade.  Thus,  the  effects  of  detailed  changes  of  any 
sections  of  the  blade  can  be  determined  for  any  operating  con¬ 
dition.  This  is  of  course  a  very  effective  procedure,  as  it 
enables  the  designer  to  evaluate  detailed  design  changes  until 
an  optimum  is  obtained. 

The  determination  of  the  induced  velocity  using  the  vortex 
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Single-Rotation  Propeller. 


Figure  8.  Propeller  Circulation  Function 
Two-Blade  Single  Rotation. 


Figure  9.  Propeller  Circulation  Function 
Three-Blade  Single  Rotation. 


ipeller  Circulation  Function 
ir-Blade  Single  Rotation. 


Figure  12.  Propeller  Circulation  Function 
Eight-Blade  Single  Rotation. 


Figure  14.  Propeller  Circulation  Function 
Six-Blade  Dual  Rotation. 


Figure  16.  Propeller  Circulation  Function 
Ten-Blade  Dual  Rotation. 


Figure  19. 


Figure  20.  Axial  Loss  Ratio  - 

J5ual- Rotation  Propeller 
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theory  alsc  makes  it  possible  to  find  the  true  two-dimensional 
flow  conditions  for  the  application  of  two-dimensional  airfoil 
data.  When  calculating  the  induced  velocity  at  the  propeller 
disc  at  any  station,  it  is  assumed  that  the  blade  is  operating 
at  the  optimum  load  distribution  so  that  the  influence  of  the 
vortices  shed  at  each  station  corresponds  to  this  case.  Near 
peak  efficiency,  this  assumption  leads  to  very  small  errors  as 
the  loading  approaches  the  optimum.  At  off-design  conditions 
the  error  is  larger,  and  if  the  induced  efficiency  is  very 
high,  the  procedure  outlined  by  Theodorsen,  Reference  8,  should 
be  used  to  calculate  the  induced  velocity. 

At  each  blade  station,  then,  the  performance  of  the  particular 
airfoil  section  used  is  determined  from  the  two-dimensional 
data  for  that  section  found  from  wind  tunnel  test.  The  lift 
and  drag  of  the  section  are  resolved  in  the  thrust  and  torque 
directions  for  each  blade  station.  Then  the  differential 
thrust  and  torque  are  integrated  to  find  the  total  thrust  and 
torque  produced  by  the  propeller.  Knowing  the  thrust  and 
torque, the  efficiency  and  horsepower  absorbed  are  easily  found. 

As  the  name  implies, two-dimensional  sections  are  tested  in  the 
wind  tunnel  under  conditions  where  only  the  section  in  one 
plane  influences  the  flow  field.  Under  these  conditions  the 
forces  can  be  measured  and  the  angle  of  attack  determined  based 
on  the  free-stream  flow  conditions.  When  sections  are  tested, 
great  care  is  taken  to  prevent  leakage  at  ends  of  the  airfoil 
so  that  three-dimensional  effects  are  eliminated. 

The  true  or  equivalent  velocity  at  any  given  section  on  the 
blade  must  then  be  found  by  eliminating  the  three-dimensional 
effects  from  the  vector  diagram.  This  is  done  using  the  vortex 
theory  for  calculating  the  induced  velocity  produced  as  a 
result  of  tip  effect  changes  in  loading  on  the  blade. 

The  equations  necessary  to  find  the  thrust  and  torque  by  strip 
analysis  are  developed  as  follows  for  the  case  of  V  >0: 

Consider  a  blade  section  at  a  radius  r  from  the  axis  of 
rotation,  Figure  21.  Then 

^  =  B  dR  sin(0  +r  )  =  B  ■  ~  ■  (sin  (0  +  r  ) )  (39) 

r  cost 

C hP  w2  b  ,  dB 

dL  =  - - -  dr  ,  x  =  r/R,  «•  =  - -  (40) 

**  v  XD 

dQ 

dCQ  =  7^  (41) 


Since 

and 
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dQ/r  s  Section  Torque 
dL  =  Section  Lift 
dD  =  Section  Drag 
P  =  Blade  Angle 
t  =  True  Wind  Angle 
_  *»  =  Apparent  Wind  Angle 
w/2  =  Displacement  Velocity 
W  =  Apparent  Velocity 


Figure  21.  Propeller  \elocity  and  Force  Diagram 
Single-Rotation  Propellers. 


Equation  (41)  becomes 


dc  r 


dx 

From  Figure  21, 


y2  M  |2 

CL  ^  (sin  0  +  tan  7  cos  0) 


(42) 


H  sin  0 


W  _  sin  0  _ 2 

nD 


(43) 


nD 


and  by  definition  w  =  wA'  and  J  =  ~ 
Combining  equations, 

!  »  |(1  -  sin20) 


dcQ  _  "X2  2 
dx  _  8  J 


nD 

2 


sin  0 

For  convenience  let  the  quantity 

2.2 


a  CL  sin  0 


fi  + 

[  tan  01 


(44) 


rX J 


w  2 

1  +  2(1  -  sin  0) 
sin  0 


sin  0  =  Z 


(45) 


Then  Equation  (44)  becomes 


££a  = 


dx 


(46) 


Also  from  Figure  21, 


dT  =  B  dR  cos  (0  +7  ) 


dcT  _  dT  1 
dx  dx  pn^D^ 


(47) 

(48) 


and  making  the  same  substitutions  for  dL,  x  and  Z 
as  above.  Equation  (47)  becomes 


fHz  ,  sin20)1' 

r?  v  4  t  cln  (/>  ! 


<r  C^sin  0  (cot0  -  tan*/) 


Using  the  Z  term  to  simplify  Equation  (49), 


ciCrr>  07 

‘SF  =  <rCl«  x  (c°t0  -  tarn)  (50 

Before  Equations  (46)  and  60  can  be  solved,  the  two-dimensional 
angle  of  attack  must  be  determined  so  that  the  lift  and  drag 
coefficients  can  be  found  from  the  two-dimensional  airfoil 
data.  The  two-dimensional  angle  of  attack  is  equal  to 


0  =  $  -  0  (51 

where  $  =  the  blade  angle  at  each  station 
0  =  the  true  wind  angle,  and  is  found 
from  the  equation 

0  =  taH1  -ij(l  +  |)  (52 

Thus  it  is  necessary  to  relate  w  to  the  section  operating  CT 
to  find  0.  The  operating  CL  is  also  dependent  on  the  bladeL 
angle  which  is  known  or  assumed  for  each  condition. 

From  the  Kutta-Joukowski  theory, 

a?=  •/>wr=  CL  |w2b  (53 ; 

Also  from  Equation  (35), 


r  =  Av  +  w)w  K(x) 


(54  J 


Substituting  for  T  and  recalling  by  definitions  bB/(  „ x  D), 
Equation (53)  becomes  ' 


CL  =  ?.ty  +  w)w  K(x) 


xDnW 


(55) 


From  Figure  21  it  will  be  noted  that  the  apparent  velocity  W 
at  a  given  blade  is 


W 


sine) 


sin0 


(56) 
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which  becomes 


K 


sin  0 


(1  _  IS  cos  0) 


(57) 


Thus,  substituting  the  expression  for  W  in  Equation  (57),  we  have 


<r  C 


L  ~ 


2 

(1  +  w)w  2  K(x) _  sin  0 

(1  +  w/2)  (1  +  v/2  cos20  cos  0 


(58) 


Since  w  is  dependent  on  CL, which  is  dependent  on  a  and  w,it 
is  necessary  to  solve  Equations  (51)and'(58)  in  termsof  the  airfoil 
characteristic  to  find  the  operating  CL  for  each  blade  section 
with  a  given  blade  angle.  This  procedure  must  be  carried  out 
at  each  blade  station, after  which  the  differential  thrust  and 
torque  coefficients  can  be  calculated  using  Equations (46)  and 
(50).  To  determine  the  total  thrust  and  torque  coefficients,  the 
differential  values  are  integrated  along  the  blade  span. 


There  are  many  methods  available  for  integrating  the  differen¬ 
tial  values  to  find  the  total,  including  plots  with  the  area 
found  mechanically  with  a  planimeter.  Mechanical  methods  have 
poor  repeatability, and  therefore  a  simple  summation  method  was 
adopted.  This  method  has  the  advantage  of  allowing  for  fast 
repeatable  integrations  and  is  well  adapted  for  computers. 


Consider  a  typical  thrust  or  torque  loading  curve  as  shown  in 
Figure  22.  This  curve  is  divided  into  Y  stations  with  cor¬ 
responding  ordinates.  The  area  may  be  written 


A  = 


Upon  expanding, 


n=q 

E 


+  hn+l 
2 


(59) 


A  = 


^1  +  h2 


(x2-  xx) 


h,  +h, 

+  <x3 


x2). 


+  <xn+1  -  xn) 


(60) 


<*2  -  *l>  *  (X3  ~  *l)  +  h  <*4  ~  x2> 


A  =  hi — 2-— — 1  +  h, 

1  2  ^2 


(61) 
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Figure  22.  Typical  Tlirust  or  Torque  Loading  Curve 


From  Equation  (59),  note  that  the  area  may  be  expressed  as  the 
ordinate  times  half  the  distance  between  the  preceding  and  the 
following  stations.  This  holds  for  every  ordinate  except  the 
first.  In  this  case(  the  increment  of  area  is  the  ordinate 
times  half  the  distance  between  the  first  and  second  stations. 
The  distance  factor  (x2  -  x1)/2,  (x3  -  XjJ/2,  (xn+1  -  xn_1)/2 

will  be  termed  Ax  for  the  strip  analysis  calculations. ~ 

Thus,  to  find  the  total  thrust  and  torque,  Equations  (46)  and  (50). 
become 


(62) 


(63) 

(64) 

and  the  propeller  efficiency  is 


n=l 


CQ  = 


Now, 


I '‘‘4*35) 

n=0 
n=l 


(coW-  tany)  x 


Cp  =  2  t  Cq 


C(J1  Cm 

V  =  - J=  —  J 

2  v  Cq  Cp 


(65) 


EQUATIONS  FOR  STRIP  ANALYSIS  -  DUAL-ROTATTON  PRnPBr.T.PPg 

The  same  technique  for  calculating  the  performance  of  dual- ro¬ 
tation  propellers  may  be  used  as  was  used  for  single  rotation. 
However,  because  of  the  interaction  between  the  front  and  rear 
units,  modifications  must  be  made  to  the  differential  thrust  and 
torque  equations  as  well  as  the  equations  for  finding  the  true 
wind  angle,  0,  and  the  resultant  velocity.  These  qualities  are 
dependent  on  K(x,e)  and  fc. 

Values  of  K(x, 9  )  and  k  were  found  for  dual- rotation  pro¬ 
pellers  using  the  same  techniques  as  were  used  to  determine 
K(x)  and  k  for  single-rotation  propellers.  The  electrical 
analogy  technique  used  by  Theodorsen  for  this  purpose  is 
especially  effective  for  the  complex  flow  field  produced  by 
dual -rotation  propellers.  In  the  case  of  dual-rotation  pro¬ 
pellers,  the  dimensionless  quantity  K(x,e )  is  used  rather  than 
K(x)  as  in  the  case  of  single-rotation  propellers , as  K(x, 8  ) 
is  a  function  of  not  only  x  but  also  8  .  The  angle  $  'varies 
from  zero  to  360  degrees  and  at  zero  K(x, $  )  is  on  the  blade 
•vortex  for  which  conditions  are  being  calculated.  When  using 
K(x, 8  )  for  calculating  the  flow  conditions,  the  assumption  is 
made  that  8  equals  zero.  This  assumption  is  necessary  as 
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sufficient  data  was  not  available  to  use  the  average  value. 

The  error  is  small,  however,  at  normal  blade  loadings.  Values 
of  K(x, 9  )  and  k  for  dual-rotation  propellers  obtained  from 
Reference  9  are  given  in  Figures  13  through  20. 

Based  on  the  theory  of  dual-rotation  propellers  developed  by 
Theodorsen,  the  velocity  and  vector  diagrams  for  the  front  and 
rear  units  are  shown  on  Figure  23.  When  calculating  the  flow 
vectors  based  on  the  Theodorsen  data  and  theory,  the  following 
assumptions  are  made: 

1.  The  front  and  rear  components  operate  in  the 
same  plane. 

2.  The  propellers  are  operating  at  the  optimum 
loading  condition. 

3.  The  torque  absorbed  by  the  front  and  rear 
units  is  equal. 

The  resultant  sectional  velocity  on  the  front  and  rear  units 
may  be  calculated  from  the  equations  derived  m  Reference  8: 

Wf  =  sin~0o  (1  +  4  sin20o)  (66) 


WR  =  (1  +  4  k  »  sin20o)  (67) 

The  differential  thrust  and.  torque  coefficient  for  the  front 
unit  of  a  dual  rotation  may  be  derived  in  the  same  manner  as 
for  single-rotation  propellers, Equations  (46)and (50).  Thus 


IS?  =  'X8~  J(iln0^)  [X  +  4  K  w  sin2fi}o]  *  cl (sin0  +  tanrcos0) 

(68) 

TEf  -  -J1  f1  +  T*'7  sin20ol  <rCL(cos0  -  tan  r  sin0) 

'  °*  L  J  (69) 

For  the  rear  unit,  the  differential  thrust  and  torque  coef¬ 
ficients  may  be  determined  using  Equations  68  and  69  by 
substituting 

[l  +  3/4(kw  sin20)]  for  [l  +  l/4(kw  sin20o)]  (70) 

Before  Equations  (67)  and  (69  can  be  solved  at  each  blade  station, 
the  operating  lift  coefficients  for  the  front  and  rear  propel¬ 
lers  are  found  in  the  same  manner  as  was  used  for  single- 
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rotating  propellers  by  using  the  proper  values  for  WF  and  WR 
(Equations  (66)  and  (67). 


<r  Cj  F  = 

V  w  (1  +  w)  sin  0O 

k(x,  a  ) 

(71) 

D  x(l  +  1/4  (7  sin20o) 

<rCLR  = 

V  w  (1  +  w)  sin  0Q 

K(x,  0  ) 

(72) 

D  x(l  +  3/4  w  sin20o) 

The  section  angle  of  attack  used  to  find  the  operating  lift 
coefficient  from  two-dimensional  airfoil  data  is  found  from 
the  equation 

*  p  =  ^  p  -  0F 

(73) 

“R  =  *R  "  4 

(74)- 

The  true  wind  angle  for  front  and  rear  propellers  may  be  cal¬ 
culated  from  the  equations  derived  by  Crigler,  Reference  9, 
which  are  based  on  the  results  given  by  Theodorsen. 


where 


0F  =  tan  1  -i-  f  1  +  ~  (1  +  *jktan20) 
1  rrX  i 

0r  =  tan  1  JL.  [l  +  |  (1  -  3iictan20) 
0  =  tan'1  -&<!+!> 


(75) 

(76) 

(77) 


To  find  the  operating  lift  coefficient  for  the  front  and  rear 
discs, Cj,  is  found  as  a  function  of  w  using  Equations  (71)  and  72) 
and  two-dimensional  airfoil  data  with  Equations  (73)  and  (74). 
After  solving  for  operating  C-^,  the  drao  may  be  found  from  the 
airfoil  data,  and  the  differential  thrust  and  torque  may  be 
calculated  from  Equations  (67)and(68).  The  efficiency  of  the 
propeller  can  then  be  determined  from  the  equation 


C 

2tcq 


(78) 
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The  efficiency  of  propellers  operating  at  high  Mach  numbers 
has  often  been  calculated  by  correcting  the  performance  deter¬ 
mined  for  the  incompressible  flow  case  with  an  empirical  cor¬ 
rection  based  on  the  operating  tip  Mach  number.  This  procedure 
depends  on  a  reduction  of  test  propeller  data  and  neglects  many 
important  interacting  variables.  Further,  the  procedure  is  not 
suitable  for  calculating  the  effects  of  detailed  changes  of 
the  blade  design  and  thus  finding  ways  of  minimizing  the  com¬ 
pressibility  losses.  For  these  reasons  the  empirical  approach 
was  not  used  for  calculating  the  propeller  performance  losses 
due  to  compressibility. 

When  the  performance  of  two-dimensional  airfoils  is  found  from 
the  airfoil  data, the  effects  of  compressibility  are  included, 
as  the  data  is  plotted  as  a  function  of  Mach  number.  Thus 
when  the  section  Mach  number  is  known,  the  actual  lift  and  drag 
can  be  determined  using  the  data  given  in  Appendix  II  of  Vol¬ 
ume  III.  To  use  these  airfoil  data  for  the  case  where  the  pro¬ 
peller  is  operating  at  high  forward  Mach  numbers,  compressibility 
effects  on  the  induced  velocity  must  also  be  determined.  This 
is  especially  true  when  any  section  of  the  propeller  is  oper¬ 
ating  above  a  section  helical  Mach  number  of  one.  The  com¬ 
pressibility  effects  must  be  considered  for  the  cases: 

1.  Forward  and  tip  Mach  numbers  less  \-han  one 

2.  Forward  Mach  number  less  than  one  and  the 
tip  Mach  number  greater  than  one 

3.  Forward  and  tip  Mach  numbers  greater  than  one 

Frankel, Reference  10, considered  case  1  where  the  forward  and 
tip  Mach  numbers  are  less  than  one.  This  was  done  using  the 
concept  of  the  retarded  potential  which  accounts  for  the 
finite  speed  of  the  pressure  disturbances.  As  was  explained 
by  Ginzel,  Reference  11, the  concept  of  the  retarded  potential 
was  added  to  the  incompressible  flow  propeller  theory  in  the 
form  of  a  correction.  The  results  of  this  work  indicate  that 
up  to  a  forward  Mach  number  of  0.7,  incompressible  flow  pro¬ 
peller  theory  can  be  used  without  compressibil  ity  corrections  if 
the  lift  and  drag  coefficients  at  each  blade  station  are  found 
at  the  correct  section  helical  Mach  number. 

Under  a  separate  investigation,  K.  Kondo  (Reference  12)  also 
analyzed  propeller  theory  for  the  compressible  flow  case  using 
the  concept  of  the  retarded  potential.  Based  on  this  analysis 
he  concluded:  "The  induced  velocity  of  a  symmetric  propeller  at 
the  position  of  the  blade  line  is  independent  of  sound  velocity 
and  equals  that  of  the  propeller  working  in  an  incompressible 
fluid  with  the  same  lift  distribution  and  working  condition  as 
the  given  one".  Based  on  these  analyses,  it  appears  that  as 
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long  as  the  entire  propeller  is  operating  at  subsonic  speeds, 
the  incompressible  theory  of  Theodorscn  and  Goldstein  can  be 
used  to  calculate  the  induced  velocity  without  compressibility 
corrections.  The  actual  load  distribution  used  is  based  on 
the  characteristics  of  the  airfoil  at  the  given  section  Mach 
number. 

When  calculating  the  inflow  velocity  of  a  propeller  operating 
in  a  compressible  fluid  with  some  of  the  sections  operating  at 
section  helical  Mach  numbers  above  one, it  is  necessary  to  con¬ 
sider  the  finite  speed  of  the  pressure  disturbances  in  com¬ 
parison  with  the  speed  of  the  blade  section  being  analyzed. 

This  leads  to  the  rule  of  forbidden  signals  and  the  zone  action 
as  discussed  by  Von  Karman,  Reference  13.  Thus  the  effects  of 
the  line  vortex  shed  from  a  section  operating  at  a  helical 
Mach  number  above  one  will  be  considered  only  in  the  region  of 
its  aft  Mach  cone,  where  the  apex  of  the  Mach  cone  is  on  the 
propeller  blade.  It  is  apparent  that  the  trailing  vortices 
will  have  an  influence  in  front  of  the  propeller  and  thus 
cause  an  inflow  velocity  at  each  point  on  the  vortex  line,  as 
the  influence  of  the  vortex  is  being  propagated  in  all  direc¬ 
tions  with  at  least  sonic  velocity, and  the  propeller  is  moving 
forward  at  less  than  sonic  velocity.  This  can  be  illustrated 
by  considering  Figure  24. 

In  Figure  24  the  path  of  the  tip  of  a  one-blade  propeller 
operating  at  a  forward  Mach  number  less  than  one  and  a  tip 
Mach  number  over  one  is  plotted  to  scale  as  viewed  from  above. 
Point  A  represents  time  equal  to  zero.  After  time  equal  to 
that  for  1/4,  1/2,  3/4  and  1.0  revolution, the  tip  of  the  pro¬ 
peller  is  at  points  A,  B,  C  and  D  respectively.  The  loci  of 
the  pressure  disturbances  created  by  the  tip  of  the  propeller 
after  time  equal  to  1/4,  1/2,  3/4  and  1.0  revolution  are 
also  shown  in  Figure  24.  it  is  observed  from  this  figure  that 
the  propeller  is  not  influenced  by  the  disturbances  created  at 
time  equal  to  zero  until  after  a  period  corresponding  to 
approximately  one  revolution.  Thus,  due  to  the  geometry  of  the 
configuration,  it  is  observed  that  when  the  tip  Mach  number  is 
over  one,  the  sections  move  away  from  the  disturbances  pro¬ 
duced  by  themselves  until  a  certain  percentage  of  a  revolution 
has  been  passed, at  which  time  the  section  comes  bach  into  the 
zona  of  the  original  disturbance.  Thus,  instead  of  the  trail¬ 
ing  vortices  influencing  the  inflow  on  a  propeller  immediately, 
as  in  incompressible  flow,  there  is  in  the  compressible  case  a 
reduction  which  decreases  the  inflow  velocity  as  compared  to 
that  calculated  for  the  incompressible  flow  case.  This  effect 
can  be  visualized  in  three  dimensions  by  inspection  of 
Figure  25. 

To  calculate  the  inflow  velocity  of  a  propeller  operating  at  a 
tip  Mach  number  exceeding  one  and  a  forward  Mach  number  less 
than  one,  it  is  necessary  to  evaluate  the  effects  of  the 
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trailing  vortices  that  lie  in  the  zone  of  influence  only. 

Thus,  unlike  the  incompressible  flow  case  where  effects  of  the 
vortices  are  considered  from  the  propeller  plane  to  infinity, 
it  becomes  necessary  to  discriminate  against  the  effects  of 
the  vortices  outside  the  zone  of  influence  or  the  Mach  cone  as 
shown  on  Figure  25. 

The  inflow  velocity  at  the  propeller  disc  can  be  calculated 
using  the  Biot-Savart  law  as  was  done  by  Moreya,  Hirsch  and 
S.  Kawata (Ref erence  14) for  the  incompressible  flow  case.  The 
inflow  velocity  calculated  in  this  manner  agrees  closely  with 
the  results  found  by  Theodorsen  and  Goldstein  for  the  same 
operating  condition.  The  advantage  of  using  the  Biot-Savart 
law  to  calculate  the  inflow  velocity  is  that  the  lower  limit 
of  the  integral  can  be  modified  to  account  for  the  zone  of 
action  as  is  necessary  in  the  compressible  flow  case. 

The  equations  for  calculating  the  inflow  velocity  can  there¬ 
fore  be  derived  from  the  Biot-Savart  law  Equation  (79): 


V<x,y,z) 


_1  /  r  dS.R 

4,  J  d3 


(79) 


where  p  =  the  strength  of  circulation 

R  =  the  vector  distance  between  the  point  being 
considered  x',  y1,  z1  and  the  vector  filament 
x,  y,  z 

dS  =  the  differential  length  of  the  vector  filament 

d  =  the  absolute  distance  from  point  x',  y',  z1 
and  the  vector  filament  x,  y,  z 

D  =  the  induced  velocity,  which  is  normal  to  the 
plane  formed  by  the  vortex  filament  and  the 
line  to  the  vortex  filament 

To  apply  the  Biot-Savart  law  to  find  the  inflow  velocity,  con¬ 
sider  a  propeller  with  B  blades  rotating  about  and  moving 
along  the  x  axis.  The  propeller  disc  is  in  the  y,  z  axis. 

The  forward  direction  of  the  propeller  is  assumed  to  be  nega¬ 
tive  along  the  x  axis.  At  each  blade  station  r,  vortices 
having  a  strength  dr  are  assumed  to  be  shed.  The  vortex 
lines  produced  at  each  station  will  form  a  helical  vortex  sheet 
which  remains  stationary  behind  the  propeller.  Assume  blade 
number  (0)  is  on  the  y  axis  and  it  is  desired  to  find  the  axial 
inflow  velocity  at  this  blade  due  to  the  helical  vortex  sheet 
produced  by  the  entire  propeller.  The  general  configuration 
of  the  above  is  shown  on  Figure  26, 
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The  general  equation  of  the  Biot-Savart  law  can  be  rewritten 
for  finding  the  inflow  velocity  in  the  x  direction  in  Cartesian 
coordinates  in  the  following  form: 


u  = 


1  f _ r  (z  -  z1 )dv  -  (v  -  v1 )dz 

4  v  J  d3 


where  the  primes  refer  to  points  on  the  vortex  surface. 


(80) 


Since  d2  =  (x  -  x ■ ) 2  + 

Equation (80)  becomes 

u  =  -  -i_ 
4* 


(y  -  y')2  +  (z 


/ 


r[(z  -  z') 
[(*-*•  >2+ 


-  z' ) 


2 


dV  ~  (V 

(y-y')2 


(81) 


1 

-  V'  )idz _ 

*  (z-z')2]3/2 


(82) 


Equation @2) will  now  be  applied  to  find  the  induced  velocity 
in  the  x  direction  at  point  o,  y,  o  as  shown  in  Figure  26. 

The  element  ds  on  any  one  of  the  line  vortices  is  located  at 
x',  y',  z1.  This  point  is  a  function  of  0,  the  angle  in  the 
y,  z  plane  (see  Figure  26),  which  is  measured  positive  in  the 
counterclockwise  direction  from  the  y  axis.  Then  the  fol¬ 
lowing  transformation  can  be  made: 


II  II 

Vi  N 

r  cos  0; 
r  sin  0; 

dy'  =  -r 
dz'  =  r 

sin  0 
cos  0 

d0 

<30 

(83) 

In  a  unit 

time, 

V  = 

x'  and  2*-n 

=  0 

(84) 

then 

x"  = 
ff~R 

Xp 

(85) 

or 

X'  = 

Xo  0  R 

(86) 

The  above  transformations  hold  only  when  considering  the  effect 
of  one  blade  on  itself.  If  8  is  the  angular  distance  between 
blades  and  p  is  the  blade  number  equal  to  0,  1,  2,  3  .  .  .  (B-l), 


then  the  above  transformation  becomes 


Equation  ©2) can  be  rewritten  as  follows  by  making  the  above 
transformation  and  letting  (0  +  p  )  =  0K: 


p=B-l 


■■-*/*£  /tw 

■'n  _ /-»  n  L 


(r  -  yr  cos  0K)  d  0 

T~~T 


p=0  o 


'02  +  y2  +  r2  -  2ry  cos0Kj 


7/2 

(88) 


It  is  convenient  to  let  r  =  Rx  and  y  =  x.R  and  rewrite 
Equation  (88). 


Thus 

,  p=B-l 

4’R^  A.  ][> 


<x2  -  cos  0K)  d0 


202  +  x2  +  x2  -  2x,x  COS0KJ 


3/2 


(89) 

where  x,  =  the  fractional  radius  at  which  the  inflow  velocity 
is  desired 


x  =  the  fractional  radius  at  which  the  vortex  lines 
are  being  shed. 

From  Equation (89) it  will  be  noted  that  the  inflow  velocity  at 
x^  is  produced  by  the  effects  of  trailing  vortices  of  strength 
dr/dx  leaving  each  station  of  all  the  blades  of  the  propeller. 
Equation (89) is  the  general  equation  for  finding  the  axial  in¬ 
flow  velocity  u. 

The  equations  for  calculating  the  radial  inflow  velocity  and 
rotational  inflow  velocity  w  can  be  developed  in  the  same 
manner  as  was  used  for  Equation (89).  These  are: 


v 


cos  0K  -  sin  0K)  d0 

(X 202  +  x2  +  x2  -  2x  xcos0t  )3/2 
*  *  K 


(90) 
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f 


-L.  ££  dx 

4irR  /  dx 


Xq(x,-x  0  sin  0K  +  cos  0K  )  ag 
<  \V  +  xf  +  zZ  -  2x,xcos0k)' 


When  the  assumption  is  made  that  the  propeller  is  operating  in 
an  incompressible  fluid,  the  effects  of  the  vortices  on  the 
components  of  the  inflow  velocity  are  found  by  integration 
from  the  propeller  disc  to  infinity  or  for  values  of  0  from 
0  to  <»  .  Thus,  strictly.  Equations  (89  )to  (91  )apply  only  for  the 
subsonic  incompressible  flow  case. 

As  stated  previously  for  the  case  where  the  propeller  is  oper¬ 
ating  at  section  helical  Mach  numbers  above  one  and  at  a  for¬ 
ward  Mach  number  less  than  one,  the  trailing  vortices  influence 
the  inflow  velocity  produced  at  a  given  point  and  the  propeller 
disc  is  affected  only  by  those  vortices  within  the  region  of 
the  fore  Mach  cone  of  the  point  being  considered. 

The  values  of  the  second  integral  of  Equations (89)to (91)for 
the  compressible  flow  case  will  be  a  function  of  the  number  of 
revolutions  through  which  the  propeller  turns. 

Thus,  for  the  steady  incompressible  flow  case,  the  inflow  vel¬ 
ocity  is  found  for  a  vortex  system  produced  by  a  propeller 
which  has  gone  through  an  infinite  number  of  revolutions.  For 
the  compressible  flow  case  where  the  effects  of  the  vortices 
are  considered  only  within  the  fore  Mach  cone,  it  is  desirable 
to  find  the  solution  of  Equations (89 )to (91 )f or  the  propeller 
going  through  revolutions  from  0l  equal  to  the  angular  distance 
the  propeller  has  turned  in  the  period  required  for  the  trail¬ 
ing  vortices  to  make  themselves  felt  at  the  propeller  disc. 

Evaluation  of  Lower  Limit;  Thus,  to  find  0^/the  lower  limit  of 
Equations  (89 )to (91  Jit  is  necessary  to  find  the  part  of  the  rev¬ 
olution  that  the  propeller  turns  through  before  the  effects  of 
the  trailing  vortices  are  felt  at  the  propeller  disc.  As  0j, 
is  a  function  of  where  the  vortex  is  produced  on  the  propeller, 
it  is  necessary  to  find  0L  for  the  following  cases: 

1.  The  limit  for  the  vortex  produced  at  the  same  station  for 
the  same  blade  as  that  where  the  inflow  velocity  is 
desired. 

2.  The  limit  for  the  vortex  produced  at  other  stations  for 
the  same  blades  as  that  where  the  inflow  velocity  is 
desired. 

3.  The  limit  for  the  vortex  produced  at  the  same  station  on 


other  blades  of  the  propeller  than  that  at  which  the  in¬ 
flow  velocity  is  desired. 

4.  The  limit  for  the  vortex  produced  at  other  stations  on 
other  blades  than  that  at  which  the  inflow  velocity  is 
desired. 

It  must  be  noted  that  the  limits  Isold  only  if  the  section  Mach 
number  of  the  station  at  which  the  vortex  is  being  shed  is 
over  one, as  the  disturbances  are  "trapped"  within  the  Mach 
cones  only  for  this  case.  The  general  equations  for  finding 
the  lower  limit  to  be  used  in  Equations (89)to(91)  can  be  found 
by  determining  the  time  required  for  the  expanding  sphere  pro¬ 
duced  by  the  disturbance  to  intersect  the  path  of  station  on 
the  propeller  at  which  the  inflow  velocity  is  desired.  After 
the  period  of  time  is  determined,  the  angle  that  the  propeller 
turns  through  in  this  period  is  easily  found. 

The  equation  of  an  expanding  sphere  produced  at  r  '-n  the 
blade  at  which  the  vortex  is  being  shed  is  initia  on  the  y 
axis  can  be  written  in  the  form 


x2  +  (y  -  r)2  +  z2  =  a 2t2  (92) 

where  a  =  the  speed  of  sound 
t  =  the  time 

Now,  at  any  time  t,  the  path  of  the  station  r^  at  which  the  in¬ 
flow  is  desired  must  satisfy  the  equations 

x  =  -Vt  (93) 

y  =  r^  cos  0k 
z  =  ^  sin  0k 


where 


0k  =  0  +  p8' 

0  =  the  angle  between  the  y  axis  and  the 
blade,  positive  in  the  direction  of 
rotation  =  wt 

p  =  blade  number,  equals  0  to  (B  -  1) 
s'=  the  angular  distance  between  blades 


Betting  x  =  r/R  and  x.  =  r./R, Equations(92)and(93 )can  be  com¬ 
bined  to  give  1  1 


1  + 


x.}  2 

x  I 


2 1x1  cos  K 
- - 


! 


» 


j 

i 

1 


(94) 


where  Mr  =  ?E£n.  =  the  rotational  Mach  number  of  the  station  at 
a  which  the  vortex  is  shed 

0k  =  0L  +  P  (95) 

The  angle  0  becomes  0^  when  Equations (92)and(93 )are  combined. 
For  Equation (94 )to  be  satisfied,  the  section  Mach  number  at 
which  the  vortex  is  shed  must  be  over  one,  as  only  in  this  case 
will  the  effects  of  vortex  be  limited  to  the  region  within  the 
Mach  cone  of  this  vortex.  When  the  section  Mach  number  at 
which  a  vortex  is  shed  is  less  than  one,  the  vortex  can  in¬ 
fluence  the  entire  blade  immediately. 

Thus,  in  the  compressible  flow  case,  stations  operating  at  heli¬ 
cal  Mach  numbers  less  than  one  are  influenced  to  a  lesser 
extent  by  the  stations  which  operate  at  helical  Mach  numbers 
above  one. 

As  a  result,  the  inflow  velocity  at  these  stations  is  less  than 
would  be  calculated  for  the  incompressible  flow  case.  Thus, 
for  Equation  (94  )to  apply, 

M2  +  M  2  =»  1  (96) 

r  a 


Calculation  of  Inflow  Velocity:  To  find  the  inflow  velocity 
for  any  given  condition,  it  is  thus  necessary  to  solve  Equa¬ 
tions  (89  )to  (96  )using  the  proper  limits.  Unfortunately,  the 
second  integrals  of  Equations (89 )to (91 )cannot  be  evaluated  by 
exact  methods.  Therefore,  it  was  necessary  to  use  a  numerical 
method  for  evaluating  these  integrals. 

Actually,  the  second  integrals  of  Equations  (89  )to  (91 )have  been 
evaluated  by  Moriya  and  Hirsch,  References  14  and  15,  respec¬ 
tively.  However,  the  values  of  inflow  velocity  can  be  found 
only  for  the  lower  limit  equal  to  zero.  As  a  variable  lower 
limit  is  required,  it  was  still  necessary  to  evaluate  the 
integrals  of  Equations  (89)  to  (91). The  results  of  Moriya  and 
Hirsch,  however,  were  useful  for  checking  purposes. 

When  the  assumption  is  made  chat  the  slipstream  contraction  can 
be  neglected,  the  resultant  inflow  velocity  is  normal  to  the 
true  resultant  velocity  at  any  section  on  the  propeller. 


Because  of  this,  it  is  only  necessary  to  calculate  the  axial 
inflow  velocity  using  Equation  (89).  The  rotational  inflow  vel¬ 
ocity  can  then  be  calculated  from  the  equations 


(98) 

(99) 


where  u  =  the  axial  inflow  velocity 

v  =  the  rotational  inflow  velocity 
D  =  the  propeller  diameter 
x  =  r/R 

0  =  the  true  wind  angle 


v  =  u  tan  0 

2 

u  =  rrnDx  sin  0  cos  0  -  V  cos  0 


To  evaluate  the  second  integral  of  Equation  (89 )by  numerical 
methods,  IBM  machines  were  used.  To  simplify  the  problem  for 
these  machines,  Equation (89 )was  rewritten  by  dividing  through 
by  x.  Thus 


u 


1  j 

r  (i  -  £'cos0k)d0 

XJ 

0 

[I  e2*  if*  1  -  » 

(100) 


Letting 


X  and  ^  =  J  =  J> ,  Equation 
x  IT  x  - 


(94)  becomes 


-  X  0030^)80 


.2  2  .  n3/2 

0  +  X  +  l-2x  cos0j. 

■*  (101) 


The  second  integral  of  equationQ.01), designated  as  I,  was  evalu¬ 
ated  by  numerical  methods  between  the  limit  0  to  4».  The 
remainder  from  the  limit  4  *  to  oo  was  found  by  assuming  that 
cos  0k  was  small  compared  to  0,  and  thus  the  integral  I  ' i  this 
range  was  approximately  equal  to 


I 


(102) 


Knowing  the  values  of  X  and  the  lower  limit,  the  inflow  vel¬ 
ocity  can  be  calculated  for  any  given  flight  condition  and  any 
load  distribution.  Furthermore,  the  inflow  velocity  can  be 
calculated  for  the  incompressible  flow  case  if  desired.  Un- 
fortunaely,  the  method  of  calculation  is  very  time  consuming, 
and  therefore  for  routine  calculations  a  simpler  approach  is 
needed. 


Method  for  Routine  Analysis:  To  eliminate  the  large  amount  c' 
time  required  to  calculate  the  inflow  velocity  for  the  case 
where  the  propeller  is  operating  in  a  subsonic  stream  with  a 
supersonic  section  Mach  number,  it  was  necessary  to  make  the 
assumption  that  the  blades  are  operating  at  constant  circu¬ 
lation.  On  the  basis  of  this  approximation,  it  was  possible 
to  determine  the  ratio  of  the  inflow  velocity  for  the  compres¬ 
sible  flow  case  to  the  inflow  velocity  for  the  incompressible 
flow  case.  Then,  knowing  this  ratio,  the  incompressible  flow/ 
inflow  velocity  determined  by  the  method  of  Reference  8 
could  be  corrected  for  compressibility  effects. 


When  the  assumption  is  made  that  the  circulation  is  constant, 
the  lower  limitsof  Equations(89)to(91)apply  only  for  cases  1 
and  3.  These  cases  correspond  to  X  =  1.0  cn  the  limit  curves. 
For  the  condition  of  constant  circulation,  the  ratio  of  the 
compressible  inflow  velocity  to  the  incompressible  value  may 
be  found  by  finding  the  ratio  of  I  using  the  proper  value  of 
the  lower  limit  A  to  the  value  of  I  at  4  =  0.  This  vail 
give  the  ratio  uc/ui/ where  uc  is  the  compressible  value  of 
axial  inflow  velocity  and  uj  is  the  incompressible  value  of 
inflow  velocity.  The  ratio  of  ucA'i  is  assumed  equal  to  Wi/Wi 
since  c  1 


wc  _  Up  cos^  0-j  uc 
wi  ui  cos2  0C  ~  ui 


(103) 


where  wc  =  the  displacement  velocity  in  final  wake  for 
the  compressible  flow  cape 

=  the  displacement  velocity  in  final  wake  for 
the  incompressible  flow  case 

uc  and  UjL  =  the  axial  inflow  velocity  for  the  compressible 
and  incompressible  flow  cases  respectively 

0t>0c  =  fee  true  wind  angle  for  the  incompressible  flow 
and  compressible  flow  cases  respectively. 


The  ratios  of  wc/wi  are  plotted  versus  Mach  number  on  Figures 
27  to  55  for  the  required  range  of  J  and  x  so  that  effects  of 
compressibility  can  be  determined  for  2-,  3-,  i~,  and  6-bladed 


79 


Figure  28.  Compressible  Flow/Inflow  Velocity  Correction 
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Figure  32.  Compressible  Flow/Inflow  Velocity  Correction 
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Figure  36.  Compressible  Flow/Inflow  Velocity  Correction 
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Figure  38.  Compressible  Flow/Inflow  Velocity  Correction 
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Figure  39.  Compressible  Flow/Inflow  Velocity  Correction 
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Figure  42.  Compressible  Flow/Inflow  Velocity  Correction 
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Figure  43.  Compressible  Flow/Inflow  Velocity  Correction 


Figure  44.  Compressible  Flow/Inflow  Velocity  Correction 
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Figure  46.  Compressible  Flow/Inflow  Velocity  Correction 
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Figure  47.  Compressible  Flow/Inf low  Velocity  Correction 
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Figure  50.  Corcipressible  Flow/inflow  Velocity  Correction 
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Figure  51.  Compressible  Flow/Inflow  Velocity  Correction 
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Figure  52.  Compressible  Flow/inflow  Velocity  Correction 
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Velocity  Correction 
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single-rotation  propellers.  It  will  be  noted  from  Figures 
27  to  55  that  wc/v?i  are  equal  to  one  until  a  certain  forward 
Mach  number  is  obtained, at  which  point  the  value  of  ratio  be¬ 
comes  very  much  lower.  This  value  of  forward  Mach  number 
corresponds  to  a  section  Mach  number  of  one.  The  sudden  drop 
of  the  ratio  w‘0/w'i  shown  is  due  to  the  simplifying  assump¬ 
tion  of  constant  loading  as  described  above. 

If  the  case  of  optimum  circulation  is  taken  as  was  done  by 
Goldstein  &n&  Theodor  sen  and  the  proper  limits  are  used,  i.e., 
cases  1  to  4  described  previously,  the  sudden  drop  shown  on 
Figures  27  to  55  will  not  be  obtained.  An  example  of  this  is 
shown  on  Figure  56  for  an  x  of  .7,  a  J  of_2.0  and  a  two-bladed 
propeller.  In  this  case  the  drop  of  w  c/w  x  begins  below  the 
section  Mach  number  of  or.e,  which  indicates  that  the  full 
effects  of  the  outboard  tailing  vortices  are  not  felt  at  this 
condition.  This  would  be  expected  as  the  outboard  trailing 
vortices  are  trapped  within  their  Mach  cones  for  a  certain 
period  of  time. 

From  the  results  of  the  sample  calculation  given  on  Figure  56, 
it  will  be  noted  that  the  inflow  velocity  calculated  at  the 
stations  operating  at  section  Mach  numbers  just  below  one  will 
be  too  high.  This  will  result  in  a  slightly  lower  efficiency 
than  indicated  by  the  more  exact  calculation.  Actually,  how¬ 
ever,  the  load  distribution  will  probably  be  between  the  Betz 
and  the  constant  load  distributions  considered  herein;  there¬ 
fore,  the  error  should  prove  to  be  small  for  normal  type  pro¬ 
pellers. 

Tip  Correction:  When  the  compressible  flow  value  of  the  inflow 
velocity  is  found  for  a  propeller  operating  at  a  forward  Mach 
number  less  than  one  and  tip  Mach  number  over  one,  it  is  neces¬ 
sary  to  apply  the  supersonic  tip  Mach  number  correction  devel¬ 
oped  for  wings  by  Eward,  Reference  16  .  This  correction 
applies  only  in  the  tip  Mach  cone  and  reduces  the  drag  due  to 
lift  and  the  lift  by  a  factor  K.  The  method  of  applying  this 
correction  was  described  in  Reference  16.  From  this  reference, 
charts  have  been  developed,  so  that,  knowing  the  tip  Mach  number, 
the  blade  chord,  and  the  blade  diameter,  the  value  of  K  is  easily 
determined.  The  values  of  K  and  the  method  of  application  are 
shown  on  Figures  57  to  62.  It  should  be  noted  that  this  cor¬ 
rection  does  not  apply  at  stations  within  the  tip  Mach  cone 
where  the  section  Mach  number  is  less  than  one. 

To  calculate  the  inflow  velocity  of  a  propeller  when  the  for¬ 
ward  Mach  number  is  less  than  one  and  the  tip  Mach  number  is 
over  one  requires  the  calculation  of  the  inflow  velocity  as 
described  above  and  then  correcting  this  value  according  to  the 
charts  presented  herein.  The  correction  depends  on  the  advance 
ratio,  forward  Mach  number,  and  the  number  of  blades.  After 
finding  the  inflow  velocity  for  this  case,  it  is  necessary  to 
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Figure  56.  Comparison  of  Induced  Velocity  Compressibility  Correction 
for  Betz  And  Constant  Load  Distributions. 
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correct  the  drag  due  to  lift  and  the  lift  for  the  tip  relief 
effect.  This  is  easily  done  knowing  the  tip  Mach  number, 
blade  width, and  propeller  diameter. 

When  the  propeller  is  operating  at  a  forward  Mach  number  over 
one,  the  inflow  velocity  is  zero  and  the  only  correction  neces¬ 
sary  to  apply  two-dimensional  airfoil  data  to  strip  analysis 
calculations  is  the  tip  relief  effect  described  above  and 
plotted  on  Figures  57  to  63  .  Thus,  all  the  data  and  theory 
to  find  the  performance  of  propellers  at  all  operating  con¬ 
ditions  have  been  established. 


THEORY  OF  PROPELLERS  AT  ZERO  VELOCITY 


The  vortex  theory  of  propellers  developed  and  presented  previ¬ 
ously  applies  only  to  the  case  where  the  forward  velocity  is 
large  with  respect  to  the  induced  velocity.  For  this  case  any 
errors  of  the  induced  velocity  which  determine  the  position  of 
the  vortices  in  the  final  wake  along  with  the  free-stream  vel¬ 
ocity  will  have  a  small  effect  on  the  final  results.  The 
position  accuracy  of  the  vortices  in  the  wake  is  influenced  by 
errors  in  the  load  distribution  and  slipstream  contraction  as  well 
as  the  errors  of  the  induced  velocity.  These  effects  are  small 
for  the  forward  flight  condition,  as  the  position  of  the  vor¬ 
tices  is  mainly  determined  by  the  free-stream  velocity.  In  the 
case  of  a  propeller  operating  at  zero  velocity,  the  slipstream 
contraction,  load  distribution,  and  induced  velocity  are  of 
major  importance,  as  these  directly  influence  the  position  of 
the  vortices  in  the  wake. 

The  direct  interdependence  of  the  wake  position  and  the  induced 
velocity  at  the  disc  has  lead  to  considerable  problems  in 
developing  a  satisfactory  theory.  Attempts  have  been  made  to 
modify  the  existing  Goldstein  and  Theodorsen's  theory  for  cal¬ 
culating  the  induced  velocity,  but  these  methods  have  proved 
to  be  unsatisfactory.  As  a  result,  attempts  to  design  and  pre¬ 
dict  the  performance  of  propellers  operating  at  the  static  con¬ 
dition  using  strip  theory  have  failed.  The  performance  calcu¬ 
lated  for  propellers  designed  by  these  methods  has  been  well 
above  the  actual  measured  values. 

The  accurate  measurement  of  the  performance  of  propellers  oper¬ 
ating  at  the  static  condition  has  been  difficult  also.  This 
has  caused  problems  in  evaluating  the  accuracy  of  the  calculated 
performance,  and  is  therefore  of  importance.  Because  of  the 
direct  relation  of  the  yake  position  on  the  induced  velocity, 
and  therefore  the  angle  of  attack  of  the  blade  section, effects 
of  the  external  air  currents  on  performance  are  large.  Thus, 
when  testing  propellers  operating  at  zero  velocity , extreme  care 
must  be  used  to  eliminate  the  effects  of  external  wind  force. 
Testing  should  be  done  under  calm  wind  conditions  only,  and 
only  these  data  should  be  used  for  performance  comparisons  of 
test  and  calculated  results. 

The  performance  of  propellers  calculated  at  zero  velocity  using 
modifications  of  the  Goldstein  or  Theodorsen  theory  greatly 
overestimated  the  thrust  at  a  given  power.  Since  the  profile 
drag  losses  have  been  found  to  be  accurately  predicted  for  the 
flight  conditions  from  two-dimensional  airfoil  data,  the  error 
appears  to  be  in  the  induced  efficiency. 

Several  attempts  have  been  made  to  develop  a  theory  to  calcu¬ 
late  accurately  the  induced  velocity,  and  therefore  the  induced 


losses  for  any  load  distribution,  References  17  and  18.  Gener¬ 
ally,  closed  solutions  to  the  problem  have  not  been  found  except 
as  a  result  of  extremely  long  computer  runs.  Even  these  re¬ 
sults  have  not  been  considered  a  final  solution  to  the  problem 
because  of  the  complexity  and  the  interdependence  of  the  wake 
on  the  induced  velocity.  Reference  18. 

I 

I  Ideal  Performance  V  =  0 

The  ideal  performance  of  a  propeller  with  a  finite  number  of 
blades  operating  at  the  static  or  hover  condition  is  of  great 
importance  in  assessing  a  blade  design.  Like  propellers  op¬ 
erating  at  a  forward  velocity  condition,  knowledge  of  the  peak 
induced  efficiency  at  hover  gives  a  target  value  of  peak  per¬ 
formance  and  indicates  those  areas  where  improvements  can  be 
made. 

Until  recently  the  only  knowledge  of  the  ideal  performance  at 
the  static  condition  was  that  based  on  momentum  considerations 
for  an  ideal  propeller  with  an  infinite  number  of  blades.  For 
the  case  of  a  propeller  with  a  finite  blade  number,  Theodorsen, 
Reference  19, showed  that  the  ideal  performance  is  obtained  only 
when  the  surface  of  discontinuity  in  the  final  wake  is  dis¬ 
placed  rearward  with  a  constant  axial  velocity  w  and  is  a  rigid 
structure.  This  is  exactly  the  same  condition  determined  for 
an  optimum  propeller  operating  at  the  forward  velocity  con¬ 
dition.  Thus,  at  the  static  condition,  the  load  distribution 
for  peak  efficiency  will  give  a  vortex  distribution  that  forms 
a  surface  of  discontinuity  which  moves  rearward  in  the  final 
wake  at  a  constant  axial  velocity. 

In  his  book  "Theory  of  Propellers"  (Reference  8),  Theodorsen 
relates  the  thrust  and  power  to  energy  functions.  These  energy 
functions  were  called  loss  functions,  «  ,  but  are  more  of  a 
measure  of  the  energy  for  thrust.  For  this  reason, Theodorsen 
in  Reference  19  refers  to  c  as  an  energy  function.  The  energy 
function  and  mass  coefficient  can  be  reiated  to  find  the  peak 
thrust  to  power  coefficient  ratio  for  a  finite  blade  number. 
From  Reference  19  it  was  shown  that 


=  _(.«■+  H  *)3/2 

Cp  €  z 


(104) 
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where  t  =  energy  function 
k  =  mass  coefficient 
k'  =  the  contraction  ratio 
T  =  thrust 
P  =  power 


Now  from  page  36,  the  Figure  of  Merit,  FM, is  equal  to 


FM 


.565  cT3//2 
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The  optimum  Figure  of  Merit  for  two-  and  four-bladed  propellers 
as  calculated  from  the  data  of  Reference  19  is  shown  as  a  func¬ 
tion  of  power  of  coefficient  in  Figure  64.  Also  shown  here  is 
the  Figure  of  Merit  based  on  the  assumption  that  the  wake  con¬ 
traction  ratio  is  equal' to  0.707  or  the  induced  velocity  in  the 
wake  is  equal  to  twice  the  velocity  at  the  propeller.  This 
comparison  shows  that  the  peak  Figure  of  Merit  for  propellers 
operating  at  the  static  condition  is  much  below  the  level 
previously  considered  possible. 


When  calculating  the  Figure  of  Merit  from  test  data  for  com¬ 
parison  with  the  ideal  value,  the  constant  representing  a 
slipstream  contraction  ratio  corresponding  to  a  change  of 
velocity  of  2  from  the  propeller  disc  to  the  final  wake  should 
not  be  used.  This  velocity  change  gives  an  area  ratio  of  0.707 
and  the  constant  of  0.798. 


The  proper  equation  of  Figure  of  Merit  for  the  comparison  of 
test  data  with  the  ideal  value  for  propellers  is 


FM  = 


.565 


~P' 


Ct3/2 

CP 


(108) 


The  contraction  ratio  y! is  a  function  of  Cp  and  is  found  from 
Figure  65. 

A  comparison  of  the  available  test  data  of  propellers  operating 
at  the  static  condition  shows  that  the  optimum  value  as  pre¬ 
dicted  with  the  Theodorsen  data  is  not  exceeded  with  any  of 
the  cases  examined.  Although  this  does  not  prove  the  theory, 
at  least  it  appears  that  a  valid  measurement  is  now  available 
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Propeller  Figure  of  Merit  Comparison  for  Static 
Thrust  Condition. 
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for  finding  the  optimum  performance  at  the  static  condition. 


Basis  for  Calculatinc  Induced  Velocity  V  =  0 

I 

As  previously  stated,  the  induced  velocity  at  the  flight  con-  !. 
ditions  is  found  with  satisfactory  accuracy  based  on  the 
assumption  that  optimum  load  distribution  for  the  entire  blade  ' 
determir.ed  the  induced  velocity  at  the  station  of  interest,  rather 
than  actual  load  distribution.  Since  procedures  of  first 
assuming  the  load  distribution,  calculating  the  induced  vel¬ 
ocity  based  on  that  distribution, and  then  iterating  with  a  new 
distribution  have  not  given  satisfactory  results  for  the  static 
condition, the  assumption  of  optimum  load  distribution  is  also 
assumed  to  apply  for  the  static  condition  for  calculating  the 
induced  losses. 


The  accuracy  of  the  assumption  of  the  optimum  load  distribution 
improves  as  the  Figure  of  Merit  approaches  a  peak  as,  of  course, 
this  is  the  load  distribution  required  for  peak  performance. 

As  noted  previously,  Theodorsen  proved  that  the  wake  must  be 
rigid  when  the  load  distribution  is  an  optimum.  Based  on  the 
rigid  wake  concept,  the  necessary  data  for  calculating  the 
induced  velocity  at  any  radius  in  the  final  wake  is  available 
by  using  the  values  of  K(x)  at  the  proper  wake  angle. 


If  the  slipstream  contraction  is  zero  or  small,  it  would  be 
possible  to  convert  the  induced  velocity  in  the  final  wake  to 
the  propeller  disc  with  good  accuracy.  However,  when  the  pro¬ 
peller  is  operating  at  the  static  condition,  the  contraction 
is  large  and  takes  place  close  to  the  propeller  disc.  As  a 
result  of  this  contraction,  the  induced  velocity  on  the  out¬ 
board  station  will  be  different  from  that  found  in  the  wake, 
and  converted  back  to  a  similar  station  at  the  propeller  by 
the  continuity  equation.  In  fact,  since  the  outboard  section 
of  the  blade  is  outside  the  diameter  of  much  of  the  wake,  the 
velocity  will  be  different  than  if  it  were  all  within  the  wake. 
The  magnitude  of  this  change  is  not  known,  but  could  be  found 
with  further  research. 

Until  this  additional  research  is  accomplished,  it  will  be 
necessary  to  assume  that  the  velocity  at  the  same  fractional 
radius  in  the  final  wake  corrected  to  the  propeller  disc  using 
the  continuity  equation  is  the  inflow  velocity.  When  the  con¬ 
tinuity  equation  is  used  to  find  the  velocity  at  the  propeller 
disc,  the  contraction  ratio  found  from  Figure  65  is  used. 

This  contraction  ratio  is  a  function  of  the  power  coefficient. 


124 


** 


gat ions  for  Strip  Analysis  -  V=0  -  Single -Rotation  Propellers 


As  in  the  case  of  a  propeller  operating  at  a  forward  velocity, 
the  thrust  and  power  may  be  found  by  strip  analysis  procedure 
by  determining  the  differential  forces  at  each  blade  station 
and  then  integrating  to  find  the  total.  When  the  free-stream 
velocity  is  zero,  the  equations  developed  previously  for  find¬ 
ing  the  thrust  and  torque  coefficient  must  be  modified  to 
eliminate  J.  From  Figure  66,. 


(x  it  nD)^  cos20 


(x  *  )2cos20 


Thus,  Equations  (46)  and  (50)  become,  for  the  case  V  =  0, 

dC0  _  r  x4  ir  3  j,  ,  .  , 

=  *  vt, - — —  cos  0  (sin0  +  tan  y  cos0) 


^2.=  <r  cos2jjj  (cos0  -  tany  sin0) 


To  solve  Equations  0.10)  and  0.11),  it  is  necessary  to  determine  the 
operating  lift  coefficient  and  wind  angle  0.  The  procedure 
considered  to  be  the  best  at  this  time  for  solving  for  the 
operating  lift  coefficient  is  the  use  of  the  Theodorsen  circu¬ 
lation  function  K(x)  (Figures  8  to  12)  to  calculate  the  dis¬ 
placement  velocity  in  the  final  wake,  and  the  use  of  the  proper 
contraction  ratio  (Figure  64)  for  correcting  the  final  wake 
velocity  to  the  propeller.  Although  the  procedure  will  be 
somewhat  inaccurate,  it  should  give  a  better  estimate  of  the 
performance  than  is  now  possible. 

Thus,  for  the  static  condition  w  =  2»  n  and  V=0,  we  get  from 
Equation  35 

w\(x) 

T  =  -  (112) 

Bn 


=  iwr  = 

dr 


w^K(x) 
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From  Reference  19,  the  displacement  velocity  at  the  propeller, 
•wp,  is 


"P  =  Ww 


«  +  k/2 


(115) 


where  «  =  the  energy  function 
k  =  mass  coefficient 

ww  =  the  displacement  velocity  in  final  wake 


Substituting  in  Equation  (114 )and  rearranging. 


<r  cr.  = 


2  wP^  K(x) 
Mr  nDx 


+  k/2 


which  becomes,  using  the  angular  relationships  of  Figure 

.2 

2K(x)  tan  0  wp  [  <  +  k/2 
W 
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Since  P  =  a  -  0,  the  lift  coefficient  that  satisfies  Equa¬ 
tion  (117  )and  the  two-dimensional  airfoil  data  can  be  found. 


With  the  known  operating  lift  coefficient,  the  torque  and  thrust 
ccefficients  are  obtained  from  Equations (110) and  (111), and  the  re¬ 
sults  are  integrated  as  described  by  Equation  (611  When  find¬ 
ing  the  performance  as  described  above,  the  power  as  calculated 
from  the  assumed  blade  angle  setting  must  agree  with  the  given 
power  within  13%;  otherwise,  a  new  setting  must  be  assumed 
until  agreement  is  obtained.  A  step-by-step  procedure  for  cal¬ 
culating  the  performance  using  the  equations  developed  above 
is  given  in  Tables  III  and  IV. 
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TWO-DIMENSIONAL  AIRFOIL  SECTION  DATA 

Many  different  types  of  airfoil  sections  have  been  used  for 
propellers.  Some  of  the  early  propellers  used  RAF-6  sections, 
Clark  Y,  and  double  c:  -ered  Clark  Y  sections.  Propellers 
using  these  sections  have  good  operating  characteristics,  es¬ 
pecially  for  low-speed  type  airplanes.  In  fact,  some  general 
aviation  propellers  still  use  blades  which  have  the  older  type 
sections. 

Modern  propellers  are  designed  using  NACA  16  or  NACA  6  series 
airfoil  sections.  The  NACA  16  series  sections  were  specifi¬ 
cally  designed  for  propellers.  These  sections  have  a  flat 
pressure  distribution  chosen  to  delay  the  onset  of  shock  waves 
and  thus  operate  at  high  Mach  numbers  without  encountering  the 
compressibility  drag  rise.  The  small  leading-edge  radius,  along 
with  the  flat  pressure  loading,  used  on  NACA  16  series  sections, 
gives  high -values  of  lift/drag  ratios  when  the  sections  are  op¬ 
erating  at  low  angles  of  attack.  However,  at  high  angles  of 
attack,  the  small  leading-edge  radius  tends  to  induce  separation 
which  reduces  the  lift/drag  ratio.  This  causes  a  reduction  in 
efficiency  when  the  propeller  is  operating  at  conditions  where 
the  section  angle  of  attack  is  high,  such  as  at  takeoff  and 
climb  conditions. 

To  improve  the  efficiency  at  climb  and  cruise,  the  NACA  6  series 
sections  have  been  used  for  propeller  blade  sections.  One  of 
the  early  tests  of  a  propeller  equipped  with  identical  blades 
except  for  airfoil  section  showed  a  marked  improvement  in  the 
takeoff  and  climb  performance  when  using  the  blades  with  NACA 
6  series  sections,  thus  proving  the  advantages  of  these  sec¬ 
tions.  Unfortunately,  the  NACA  6  sections  do  not  have  as  high 
a  critical  Mach  number  as  the  NACA  16  series,  and  for  this 
reason  propellers  designed  to  operate  at  high  speeds  generally 
will  require  the  use  of  a  combination  of  sections;  outboard 
where  high  values  of  Mach  number  are  encountered, NACA  16  series 
sections  are  used,  and  inboard  where  high  values  of  angle  of 
attack  are  obtained,  NACA  6  series  are  used. 


Data  for  Propeller  Strip  Analysis  Calculation 

To  calculate  the  performance  of  propellers  by  the  procedure  of 
strip  analysis,  accurate  two-dimensional  airfoil  data  are  re¬ 
quired.  Lift,  drag  and  moment  coefficients  are  needed  covering 
a  wide  range  of  airfoil  parameters  such  as  thickness  ratio, 
camber  and  section  type.  The  data  should  cover  section  Mach 
numbers  to  at  least  1.2,  Reynolds  numbers  in  the  range  of 
2  x  105  to  9  x  10°,  and  an  angle  of  attack  range  of  -4°  to 
above  the  stall  angle.  The  range  of  thickness  ratio  required 
runs  from  4%  to  21%  for  normal  airfoil  sections  covering  the 
full  range  of  Mach  numbers.  Propeller  blades  also  use  thick 
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airfoils  at  the  blade  root,  and  for  this  reason  data  are  needed 
for  analysis  of  these  airfoils  at  thickness  ratios  of  25  to 
100%. 


Because  of  the  diverse  requirements  of  propellers  and  range  of 
operation,  airfoils  with  different  characteristics  are  needed. 
The  design  requirements  can  be  satisfied  by  the  proper  selec¬ 
tion  of  the  type  of  airfoil  and  design  lift  coefficient. 
Generally,  for  propellers  the  section  data  at  design  lift 
coefficient  from  0  to  .7  will  meet  all  the  design  requirements 
and  cover  the  range  of  design  experience.  Propellers  with 
design  Cl  above  1.0  may  be  feasible,  but  the  data  is  not  avail¬ 
able  for  proper  evaluation  and  application. 

As  many  different  airfoil  sections  will  be  used  on  a  propeller 
blade,  it  is  important  to  have  accurate  and  consistent  data. 
Changes  in  airfoil  design  parameters  should  be  properly  reflec¬ 
ted  by  the  data  so  that  modifications  and  differences  between 
propellers  will  be  properly  evaluated.  It  would  also  be  highly 
desirable  to  have  the  airfoils  tested  in  the  same  wind  tunnel 
under  nearly  identical  conditions  to  eliminate  problems  due  to 
differences  in  tunnels  and  to  maintain  consistency.  Unfortunately, 
with  the  large  amount  of  data  required,  this  is  not  possible, 
and  it  has  been  necessary  to  use  data  from  a  number  of  different 
sources.  All  the  available  airfoil  data  was  used  for  develop¬ 
ment  of  the  necessary  data  for  propellers,  including  that  from 
government,  private  and  foreign  sources. 

Because  of  the  unknown  effects  due  to  centrifugal  force  or  the 
boundary  layer  influencing  critical  Mach  number,  other 
separation  problems,  tip  effects,  and  other  installation  prob¬ 
lems,  the  airfoil  data  developed  must  be  checked  by  calculating 
the  performance  and  comparing  the  results  with  wind  tunnel  data. 
Modification  must  be  made  to  the  airfoil  data  until  agreement 
is  obtained  with  test  data  before  it  can  be  used  for  analysis. 
This  is  especially  necessary  when  the  data  is  to  be  used  for 
high-speed  propellers  where  the  tip  and  Mach  number  variation 
may  influence  the  drag  rise  due  to  compressibility.  The  air¬ 
foil  data  presented  in  this  section  has  been  checked  and  re¬ 
formulated  so  that  it  is  suitable  for  propeller  design  purposes. 

The  airfoil  data  developed  for  propeller  strip  analysis  calcu¬ 
lations  was  developed  from  a  compilation  of  all  the  data  avail¬ 
able  at  the  time.  This  was  done  during  the  early  1950's,  and 
the  effort  was  somewhat  handicapped  by  the  lack  of  data  through¬ 
out  the  transonic  Mach  number  region.  This,  however,  will  not 
present  a  serious  problem  unless  the  propeller  is  designed  to 
operate  at  speeds  in  excess  of  a  Mach  number  of  0,75.  At 
speeds  below  this,  the  data  as  applied  to  strip  analysis  calcu¬ 
lations  appears  to  have  sufficient  accuracy  for  the  airfoil 
sections  considered.  The  procedures  for  developing  the  basic 
airfoil  data  and  corrections  are  presented  in  the  following 
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paragraphs 


The  airfoil  data  compiled  and  checked  for  use  in  strip  analysis 
calculations  consists  of  a  basic  set  of  data  for  NACA  16  series 
sections  covering  a  range  of  Mach  numbers  from  0.3  to  1.6. 

The  data  covers  airfoil  sections  with  thickness  ratios  of  4%  to 
2154  and  design  lift  coefficients  0  to  .7.  For  the  range  of 
angle  of  attack  covered,  the  lift  and  drag  coefficients  are 
assumed  to  be  independent  of  Reynolds  number.  These  basic  data 
are  presented  in  Appendix  II  of  Volume  III,  Figures  67  to  166, 
in  the  form  of  plots  of  lift  and  drag  coefficient  as  a  function 
of  Mach  number  for  a  range  of  values  of  angle  of  attack. 

For  the  range  of  thickness  above  21%, four-digit  airfoil  data  in 
terms  of  lift  and  drag  coefficients  were  compiled  for  strip 
analysis  calculations  for  sections  of  suitable  operating 
characteristics.  These  data  are  compiled  as  a  function  of 
Reynolds  number,  as  this  is  the  major  parameter  influencing 
the  performance  of  the  thicker  airfoil  sections.  When  the 
thickness  ratio  is  above  25%, the  available  data  indicates  that 
high-camber  airfoils  have  poor  lift/drag  characteristics  with 
early  flow  leparation.  NACA  16  series  airfoils  also  have  un¬ 
desirable  characteristics,  when  operating  at  the  higher  thick¬ 
ness  ratios,  due  to  aft  position  of  maximum  thickness.  For 
these  reasons,  the  basic  data  for  the  thick  airfoils  strip 
analysis  was  developed  for  NACA  four-digit  series  and  ellipti¬ 
cal  sections.  To  determine  the  performance  of  the  thicker  air¬ 
foils  at  Mach  numbers  above  the  critical,  corrections  to  the 
low-speed  data  were  developed.  These  corrections  were  developed 
from  test  data  and  apply  to  all  sections  above  a  thickness  ratio 
of  25%.  The  airfoil  data  for  determining  the  performance  of 
thick  sections  is  also  given  on  Figures  167  to  179,  Appendix  II, 
Volume  III. 

For  the  case  where  airfoils  are  operating  above  the  stall  angle, 
corrections  to  the  basic  data  of  Appendix  II,  Volume  III,  have 
been  developed  to  determine  the  required  variation  of  the  lift 
and  drag  coefficients  at  high  angle.;.  These  corrections  were 
developed  to  be  used  only  for  sections  operating  on  a  propeller 
blade,  as  the  lift  coefficients  under  these  dynamic  conditions 
are  much  higher  than  would  be  estimated  from  two-dimensional  air¬ 
foil  data.  The  data  also  accounts  for  the  difference  in  per¬ 
formance  between  NACA  16  and  NACA  65  series  sections.  These 
corrections  are  presented  in  Appendix  II,  Volume  ill,  Figures 
179  to  196. 

Data  Correlation  -  Subsonic  Range 

In  the  subsonic  range  there  is  a  large  amount  of  wind  tunnel 
airfoil  data  available  which  is  suitable  for  propeller  analysis. 
However,  even  with  the  large  amount  of  testing  that  has  been 
done  in  the  subsonic  range,  a  number  of  airfoils  that  are 
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needed  for  propeller  analysis  were  not  covered.  Table  IX  was 
prepared  to  show  the  range  of  available  data  for  NACA  16  air¬ 
foils.  From  this  table  it  will  be  noted  that  the  most  impor¬ 
tant  omission  of  the  test  data  for  the  NACA  16  airfoil  sections 
is  that  for  thickness  ratios  of  4%. 

In  Table  il  it  will  also  be  noted  that  there  are  several  NACA 
16  series  airfoils  for  which  there  is  duplicate  test  data. 

The  reason  for  this  duplication  is  that  the  original  test  data 
reported  in  Reference  20  was  found  to  be  in  error.  The  error 
in  the  test  data  presented  in  Reference  20  was  caused  by  end 
leakage  at  the  junction  of  the  airfoil  and  the  tunnel  wall. 

To  correct  the  drag  coefficient  data  for  this  end  leakage 
effect  required  the  development  of  a  correction  that  accounted 
for  the  Mach  number,  the  lift  coefficient  and  thickness  ratio. 
These  corrections  were  determined  in  Reference  21  and  have  been 
used  to  correct  all  the  data  reported.  Only  the  corrected  data 
of  Reference  21  was  used  for  developing  the  data  for  strip 
analysis  calculations. 

To  determine  the  performance  of  the  NACA  16  series  airfoils 
where  data  is  lacking  as  shown  in  Table  II,  NACA  66  series  are 
used, as  these  sections  have  a  similar  thickness  distribution 
and  the  same  mean  camber  line  as  the  NACA  16  series.  Reference 
22.  The  airfoil  data  for  the  NACA  66  sections.  References  22 
to  27,  were  used  where  NACA  16  series  data  was  lacking.  Where 
both  NACA  16  series  and  NACA  66  series  data  was  lacking,  NACA 
65  or  NACA  64  series  data  was  used  as  a  guide.  References  22 
to  27.  Sufficient  data  is  available  so  that  cross  plots  can 
be  made  to  fill  in  the  gaps  in  the  test  data  for  NACA  16  sec¬ 
tions.  It  is  also  seen  that  in  most  cases  it  was  not  necessary 
to  extend  the  cross  plots  beyond  the  experimental  data  except 
in  the  case  of  the  4%  thickness  sections.  To  find  the  charac¬ 
teristics  of  the  airfoils  which  were  not  tested  and  to  fair  out 
as  many  test  differences  as  possible  that  exist  in  the  data, 
cross  plots  of  the  lift  and  drag  coefficients  were  made  at  con¬ 
stant  values  of  free-stream  Mach  number. 

The  following  cross  plots  of  the  available  airfoil  data  were 
mades 

1.  Cl  vs.  CLi  for  lines  of  constant  angle  of  attack. 

These  plots  were  made  for  the  range  of  thickness 
ratios  at  M  =  .3,  .45  and  .6. 

2.  Cl  vs.  h/b  for  lines  of  constant  angle  of  attack. 

These  plots  were  made  for  the  range  of  design 
Cl's  at  M  =  .3,  .45  and  .6. 

3.  Cp  vs.  CLi  for  lines  of  constant  values  of  operating 
CL;  plots  were  made  for  the  range  of  thickness  ratios 


at  M  =  .3,  .45,  and  .6. 


4.  Cc  vs.  h/b  for  lines  of  constant  values  of 

operating  C^;  plots  were  made  for  the  range  of 
design  CL‘s  at  M  =  .3,  .45  and  .6. 

The  data  faired  from  the  cross  plots  described  above  estab¬ 
lished  the  basic  ariation  in  the  subsonic  range  of  the  lift 
and  drag  coefficients  for  the  desired  range  of  airfoils.  The 
end  of  the  subsonic  range  is  determined  by  the  lift  and  drag 
divergence  Mach  numbers.  Thus  the  subsonic  trends  established 
are  valid  only  up  to  these  Mach  numbers. 


Lift  and  Drag  Divergence  Mach  Numbers 

Theoretically,  the  end  of  the  subsonic  range  can  be  considered 
to  occur  at  that  free-stream  Mach  number  where  the  local  Mach 
number  at  any  point  on  the  airfoil  is  equal  to  one.  This  point 
is  defined  as  the  critical  Mach  number  Mcr.  The  critical  Mach 
number  of  the  section  is  very  difficult  to  determine  based  on 
the  lift  and  drag  characteristics  of  the  airfoil, as  there  is 
no  apparent  change  in  characteristics  which  occur  exactly  at 
that  Mach  number.  Thus,  it  has  been  necessary  to  define  a 
free-stream  Mach  number  where  a  change  of  the  lift  and  drag 
coefficients  does  occur  to  denote  the  transition  from  subsonic 
to  transonic  flow.  The  Mach  number  at  which  an  inflection 
point  occurs  in  the  lift  coefficient  vs.  Mach  number  curve  for 
lines  of  constant  angle  of  attack  is  defined  as  the  lift  diver¬ 
gence  Mach  number  (Mq,).  The  drag  divergence  Mach  number  (Mcjj) 
is  taken  as  that  Mach  number  where  the  slope  of  a  curve  of  Cp 
vs.  Mach  number  of  a  line  of  constant  operating  lift  coefficient 
is  equal  to  0.1,  i.e.,  dCc/dM  =  0.1. 

At  the  time  the  airfoil  data  was  formulated, problems  were  being 
encountered  in  measuring  the  lift  and  drag  coefficients  at  high 
Mach  numbers  due  to  tunnel  blockage.  When  airfoils  were  tested 
in  closed-throat  wind  tunnels  at  high  Mach  numbers .blockage  was 
obtained  after  the  critical  Mach  number  was  reached.  This 
blockage  results  in  inaccuracies  in  the  data,  especially  with 
regard  to  the  lift  and  drag  divergent  Mach  numbers.  For  this 
reason,  the  lift  and  drag  divergent  Mach  numbers  could  not  be 
found  directly  from  the  experimental  airfoil  data. 

After  the  critical  Mach  number  is  exceeded  on  an  airfoil  sec¬ 
tion,  a  normal  shock  wave  is  formed  which  increases  in  strength 
with  increasing  Mach  number.  When  the  shock  wave  has  suffi¬ 
cient  strength,  the  lift  and  drag  are  influenced  and  the  corres¬ 
ponding  Mach  number  is  the  lift  and  drag  divergent  number. 

Since  the  lift  and  drag  divergent  Mach  numbers  occur  at  an  in¬ 
crement  above  the  theoretical  critiaal,  this  parameter  can  be 
used  as  a  guide  to  establish  tho  Mach  number  for  the  lift  and 
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drag  divergence. 

To  establish  the  lift  and  drag  divergent  Mach  numbers  for  all 
the  airfoil  sections  considered,  the  theoretical  critical  value 
was  therefore  established  using  the  method  outlined  in  Refer¬ 
ence  22.  Then  the  increment  in  Mach  number  above  the  peak 
critical  value  was  established  using  the  experimental  data 
given  in  References  23, 24 and'28.  An  example  is  shown  on  Figure 
67  as  a  comparison  of  the  critical  Mach  number  along  with  the 
lift  and  drag  divergent  Mach  numbers  established  using  the 
available  experimental  data. 

From  Figure  67  it  will  be  noted  that  the  range  of  lift  co¬ 
efficients  before  the  lift  and  drag  divergent  Mach  numbers 
rapidly  decreases  and  is  much  higher  than  predicted  based  on  the 
theoretical  critical  Mach  number.  Therefore,  the  critical  Mach 
number  as  determined  by  theory  is  a  poor  measure  of  the  end  of 
the  subsonic  range, and  test  data  are  required  to  find  the  lift 
and  drag  divergent  Mach  numbers.  It  should  be  noted  that  today, 
with  the  availability  of  transonic  wind  tunnels,  it  is  possible 
to  determine  exactly  the  lift  and  drag  divergent  numbers  by 
test  with  good  accuracy. 

The  subsonic  values  of  Cl  and  Cd  obtained  from  the  cross  plots 
were  plotted  vs.  Mach  number.  When  this  was  done,  some  of  the 
differences  between  the  plots  at  constant  values  of  Mach  number 
were  faired  out. 

The  variation  of  available  Cl  and  Cd  data  up  to  the  Mach  number 
for  lift  and  drag  divergence  was  plotted  as  a  function  of  Mach 
number.  Where  lift  coefficient  data  as  a  function  of  Mach  num¬ 
ber  was  lacking,  the  K^rman-Tsien  equation  developed  in  Refer¬ 
ence  29  was  used  to  extend  the  low-speed  Cl  data  up  to  the  lift 
divergence  point.  This  equation  may  be  written  in  the  form 

i-t  Clo 

Cl^  =  r —  w  n  r  /  "2 1 2  (118) 

VI  -  MZ  +  CLo  MV  [l  -  V 1  -  M^J 


where  Clo  =  the  low-speed  lift  coefficient 

Clm  •-  the  lift  coefficient  at  Mach  number 
equal  to  M 

EquationQ.165  was  used  to  determine  the  variation  of  the  lift 
coefficient  with  changes  in  Mach  number  rather  than  the  Prandtl- 
Glauert  equation,  as  a  better  fit  was  obtained  with  the  existing 
experimental  data  than  with  the  P  -  G  equation,  which  is 

cLm  =  L°-y-  (119) 

VI  -  M2 
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Figure  67.  Comparison  of  MqR  With  Lift  and  Drag  Divergence, 


Equation  (118)  was  developed  for  the  pressure  coefficient  Cp  } 

on  the  airfoil,  hut  can  be  used  in  the  form  given  above  as  Cl  | 

is  integrated  value  of  Cp.  Thus,  if  the  low-speed  value  of  | 

Cl  is  known,  it  is  possible  to  extend  the  Cl  vs  Mach  number  | 

curve  for  a  constant  angle  of  attack  up  to  the  lift  divergence  | 
Mach  number.  As  Equation  (118)  was  developed  using  the  linear-  j 
ized  theory,  its  accuracy  for  thick  airfoi'  ■;  operating  at  high  * 

angles  of  attack  may  be  questionable.  It  was  found,  however, 
that  for  the  majority  of  cases  where  Cl  data  was  available,  f 

the  agreement  is  excellent.  When  using  Equation  (118)  > 

for  extending  the  Cl  vs  Mach  number  data,  it  must  be  realized  < 

that  this  equation  does  not  apply  after  the  critical  Mach  num¬ 
ber  of  the  section  has  been  exceeded.  J 

The  subsonic  values  of  Co  obtained  from  the  cross  plots  were 
replotted  vs  Mach  number  for  lines  of  constant  values  of  , 

operating  lift  coefficient  for  all  the  airfoils  listed  and  in 
Figures  84  to  133  in  Volume  III.  The  available  Cp  data  at  j 

Mach  numbers  above  .6  was  also  used.  It  was  noted  from  Figures  | 

84  to  133  (Volume  III )  that  as  the  Mach  number  increased,  there  1 
was  usually  a  small  reduction  of  Cd  for  those  values  of  oper-  j 
ating  Cl  close  to  the  design  Cl  of  the  airfoil  before  the  point  ; 
for  drag  divergence  was  reached.  This  reduction  of  the  drag 
coefficient  with  increasing  Mach  number  has  been  explained  in 
a  number  of  reports  (see,  for  instance.  Reference  21)  and  is 
caused  by  a  delay  of  the  point  of  separation  on  the  airfoil 
which  results  in  a  reduction  of  the  profile  drag.  The  point 
of  separation  is  delayed  by  the  increase  of  speed  over  the  air¬ 
foil  as  the  Mach  number  is  increased.  The  above  effect  may 
occur  at  other  operating  lift  coefficients  than  those  near  the 
design  lift  coefficient.  However,  the  magnitude  of  the  reduc¬ 
tion  is  generally  not  quite  as  large. 

For  those  airfoils  which  have  not  been  tested,  it  was  necessary  ’ 
to  extrapolate  the  values  of  Cp  obtained  from  the  cross  plots 
to  the  drag  divergence  Mach  number.  This  was  done  following 
the  trends  shown  by  the  test  data.  As  in  most  cases,  the 
change  of  drag  coefficient  with  increasing  Mach  number  is  small 
and  the  error  involved  in  the  above  extrapolation  is  small. 
Furthermore,  the  drag  divergence  Mach  number  approaches  .6  as 
h/b  and  Cli  increases;  thus  the  length  of  the  extrapolation  be¬ 
comes  progressively  smaller. 


Data  Correlation  -  Supersonic  Range 

To  establish  lift  and  drag  coefficient  data  at  section  Mach 
numbers  above  the  critical,  the  transonic  range,  the  perform¬ 
ance  of  the  airfoils  was  first  found  for  the  supersonic  range. 
This  was  done  by  assuring  that  NACA  16  series  airfoils  had 
essentially  the  same  lift/drag  characteristic  as  circular  arc: 
sections.  The  lift  and  drag  of  these  sections  were  then 


calculated  as  a  function  of  Mach  number  using  the  Ackeret 
method  (Ref erence  30)and  the  method  developed  by  the  NACA  (Refer¬ 
ence  31 ) .  These  methods  are  based  on  the  theory  of  small  dis¬ 
turbances  and  determine  the  lift  anc  pressure  drag. 

The  friction  drag  in  the  supersonic  range  was  assumed  to  he 
constant  and  equal  to  .008  and  added  to  the  calculated  pressure 
drag.  Although  the  friction  drag  is  a  function  of  Reynolds 
number, the  value  of  .008  is  an  average  value,  and  is  of  suffi¬ 
cient  accuracy  in  view  of  the  high  level  of  the  overall  drag 
in  the  range.  The  results  of  these  calculations  are  given  on 
Figures  84  to  133  in  Appendix  II,  Volume  III. 


Data  Correlation  -  Transonic  Range 

At  the  time  of  the  development  of  the  airfoil  data,  little  ex¬ 
perimental  or  theoretical  data  was  available  for  estimating  the 
performance  of  airfoils  operating  in  the  transonic  range.  Most 
of  the  wind  tunnels  were  limited  by  blocking,  as  the  porouo  or 
slotted  walls  had  not  bean  developed.  The  only  data,  therefore,, 
for  estimating  the  performance  of  airfoils  in  the  transonic 
region  was  that  from  drop  and  bump  tests.  These  data  were 
three  dimensional  in  nature  and  severely  limited  in  scope. 

Because  of  the  lack  of  airfoil  data  in  the  transonic  range,  a 
considerable  number  of  propeller  tests  were  run  by  the  NACA. 
These  data  included  force  test  and  pressure  distribution 
measurements  on  rotating  propeller  sections.  With  these  test 
data,  it  was  possible  to  check  by  strip  analysis  the  airfoil 
data  extrapolations  in  the  transonic  range.  Before  these  checks 
could  be  accomplished,  however,  it  was  necessary  to  develop 
consistent  procedures  for  extrapolating  the  airfoil  data  from 
the  Mach  numbers  for  the  critical  lift  and  drag  divergence  to 
the  supersonic  condition. 

The  procedure  used  to  develop  consistent  extrapolation  through¬ 
out  the  transonic  depended  on  locating  the  maximum  and  minimum 
life  coefficients  for  a  given  angle  of  attack  as  a  function  of 
thickness  ratio,  design  Cl,  and  Mach  number.  These  points  were 
estimated  from  the  available  drop  and  bump  test  data. 

The  extrapolation  of  the  drag  coefficient  in  the  transonic 
range  was  based  on  determining  the  peak  and  its  location  with 
respect  to  Mach  number.  From  this  point  it  was  relatively  easy 
to  extrapolate  from  the  drag  divergence  Mach  number  to  the 
supersonic  case. 

After  the  lift  and  drag  coefficients  were  established  in  the 
transonic  range, the  data  was  checked  by  many  calculations  of 
the  performance  of  propellers  and  comparisons  with  wind  tunnel 
test  data.  Based  on  the  checks,  the  airfoil  data  was  modified 


to  improve  the  accuracy.  This  process  was  carried  out  until 
satisfactory  agreement  was  obtained. 

As  it  is  now  possible  to  test  airfoils  throughout  the  transonic 
range(  the  procedure  described  above  would  not  have  to  be  used 
again  to  develop  the  necessary  data. 

As  shown  in  the  section  Accuracy  of  Calculation,  the  performance 
of  propellers  can  be  calculated  with  good  accuracy  when  oper¬ 
ating  in  this  range,  considering  the  methods  that  had  to  be 
used  to  establish  the  basic  data.  If  the  performance  of  pro¬ 
pellers  becomes  important  when  the  sections  are  operating 
above  the  critical,  it  would  be  desirable  to  modernize  the 
data  in  the  transonic  range  to  improve  the  accuracy  of  pre¬ 
dicting  performance  and  designing  new  propellers. 

The  airfoil  data  developed  for  propeller  strip  analysis  calcu¬ 
lations  as  described  above  for  NACA  16  series  sections  is  given 
on  Figures  34  to  133  in  Volume  III.  These  data  are  of  suffi¬ 
cient  scope  for  most  strip  analysis  calculations  at  the  normal 
flight  conditions,  and  thus  serve  as  the  base  data.  However, 
when  the  propeller  is  operating  at  high  lift  coefficients  and 
section  angles  of  attack  above  the  stall,  additional  airfoil 
data  is  required. 

In  the  development  of  the  base  airfoil  data  for  NACA  16  series 
sections,  data  of  NACA  6  series  sections  were  used  where  NACA 
16  serif  3  data  was  not  available.  The  NACA  6X  series  data  used 
was  the  data  with  the  most  rearward  peak  pressure  point  avail¬ 
able.  A  comparison  of  the  data,  when  operating  at  conditions 
below  the  maximum  lift  coefficient, and  the  lift  and  drag  diver¬ 
gence  Mach  numbers  indicates  there  are  no  important  differences. 
Therefore,  at  these  conditions,  that  data  in  Appendix  II,  Volume 
III,  can  be  used  for  NACA  16,  66,  65  or  64  series  airfoils. 

The  critical  Mach  number  of  NACA  6  series  sections  is  below 
that  for  the  NACA  16  series  sections.  Therefore,  the  data  in 
Appendix  II,  Volume  III,  should  be  adjusted  for  the  6  series 
sections  when  operating  above  the  critical  Mach  number. 


Data  at  High  Angles  of  Attack 

Whe:„  the  propeller  is  operating  at  high  blade  loadings,  airfoil 
data  are  required  to  find  the  section  characteristics  a *•  high 
angles  of  attack,  including  angles  well  above  the  stall.  Data 
are  also  needed  to  find  the  lift/drag  characteristics  of  NACA 
6  series  airfoils  as  well  as  NACA  16  series.  These  data  are 
required  especially  when  evaluating  propellers  operating  at  the 
condition  of  zero  advance  or  when  operating  at  high  section 
angles  of  attack. 
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To  determine  the  performance  of  airfoils  operating  at  high 
angles  of  attack,  including  those  angles  up  to  and  beyond  the 
stall,  it  is  necessary  to  establish  the  stall  angle  and  the 
associated  value  of  Cl  max-  Airfoils  operating  in  straight 
rectangular  flow  develop  flow  separation  after  Cl  max*  'which 
causes  a  loss  of  lift  as  the  angle  of  attack  is  increased. 

This  causes  a  reduction  of  lift,  the  magnitude  of  which  de¬ 
pends  on  the  leading-edge  radius,  the  thickness  ratio,  and  the 
section  type. 

The  application  of  uncorrected  two-dimensional  airfoil  data  to 
propellers  operating  at  high  section  angles  of  attack  indi¬ 
cated  that  the  reduction  of  Cl  above  Cl  max  as  measured  in 
the  wind  tunnel  is  not  obtained.  Due  to  the  lack  of  a  suit¬ 
able  theory  for  calculating  the  inflow  velocity,  it  is  not 
known  exactly  how  the  lift  varies  above  the  stall  angle.  How¬ 
ever,  based  on  the  work  done  in  reducing  the  propeller  test 
data,  it  is  apparent  that  the  lift  of  sections  on  a  propeller 
operating  above  the  stall  is  considerably  above  that  measured  . 

on  two-dimensional  airfoils. 

When  the  airfoil  is  operating  on  the  propeller  blade,  the  ten¬ 
dency  of  the  flow  to  separate  appears  to  be  reduced  by  the 
centrifugal  flow  field.  As  the  air  tends  to  separate  in  the  , 

boundary  layer,  it  is  energized  by  the  centrifugal  field,  thus 
reducing  separation  and  allowing  the  airfoil  to  maintain  lift. 

This  reduced  tendency  for  the  flow  to  separate  results  in  an 
increase  in  Cl  max  for  sections  operating  on  a  propeller  com¬ 
pared  with  that  measured  in  tv/o -dimensional  flow.  I 

The  variation  of  lift  above  the  stall  angle  was  estimated  for 
propeller  sections  from  whirl  test  data.  This  was  done  by 
calculating  the  lift  and  drag  coefficients  necessary  to  satisfy  i 

the  propeller  test  data  for  only  those  sections  operating 
above  the  two-dimensional  stall  angle.  These  values  of  Cl  and  ! 

Cp  above  the  stall  angle  were  calculated  by  a  step-by-step  1 

procedure, as  only  part  of  the  blade  will  operate  above  the  j 

stall  angle  with  a  small  increase  in  blade  angle.  The  induced  ; 

angle  of  attack  was  calculated  using  a  modified  Theodorsen 
theory.  1 

i 

It  was  found  that  the  variation  of  the  lift  coefficient  with  1 

angle  of  attack  above  the  stall  as  determined  by  this  method  I 

depends  only  on  the  actual  two-dimensional  Cl  max  of  the 
section;  see  Figure  154,  Volume  III  .  From  this  figure  it  j 

will  be  noted  that  the  lift  continues  to  increase  when  oper¬ 
ating  above  the  stall  until  a  new  maximum  value  is  obtained, 
after  which  it  remains  essentially  constant  with  increasing 
angle  of  attack. 

The  airfoil  data  obtained  from  the  reduction  of  the  propeller 
test  data  as  described  above  has  been  formulated  into  a  series 
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of  plots  so  that,  with  the  data  of  Appendix  II,  Volume  III,  as  a 
base,  the  performance  of  any  section  can  be  found  at  high  angles 
of  attack  above  the  stall.  The  procedure  and  data  for  finding 
the  lift  and  drag  coefficients  of  propeller  airfoil  sections 
operating  at  angles  above  the  stall  are  also  given  in  Appendix 
II,  Volume  III.  It  should  be  n^ted  that  these  data  also  allow 
the  characteristics  of  NACA  65  and  66  airfoils  to  be  found  at 
high  angles  as  well  as  those  of  NACA  16  series  sections. 


Performance  of  Thick  Airfoils 

For  structural  reasons, blade  thickness  ratios  in  excess  of 
21%  are  often  found  on  the  inboard  blade  sections.  If  neither 
a  spinner  nor  a  blade  fairing  is  used,  thickness 
ratios  approaching  1.0  can  be  encountered.  Thus  airfoil  data 
at  thickness  in  excess  of  21%  are  required  to  calculate  the 
characteristics  of  these  sections. 

The  aerodynamic  properties  of  sections  having  thickness  ratios 
in  the  range  of  .25  to  1.0  depend  mainly  on  the  thickness  ratio 
and  such  parameters  as  maximum  thickness  location,  maximum 
camber  location,  and  leading-edge  radius.  In  addition,  Reynolds 
number  and  Mach  number  influence  the  performance.  In  the  case 
of  thick  airfoils,  no  systematic  set  of  data  has  been  developed; 
therefore,  it  was  necessary  to  review  and  average  the  available 
data  to  develop  consistent  trends  suitable  for  propeller  calcu¬ 
lations. 

Originally  the  airfoil  data  developed  for  thick  sections  was 
set  up  to  account  for  a  number  of  different  parameters  includ¬ 
ing  a  large  range  of  Reynolds  number.  At  the  time  the  work 
was  done,  it  was  considered  necessary  to  cover  the  entire  range, 
as  propellers  were  operating  in  front  of  large  reciprocating 
engines  with  thick  airfoil  sections  used  quite  far  outboard. 
Today  propellers  would  be  designed  with  thinner  inboard  sec¬ 
tions  to  prevent  large  losses  in  ram  recovery  when  operating 
on  turboprop  engines.  Further,  any  thick  sections  would  be 
used  farther  inboard, where  the  drag  losses  would  have  a  small 
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overall  effect  on  the  performance. 

For  these  reasons  and  the  questionable  accuracy  of  some  of  the 
corrections  developed,  the  thick  airfoil  data  presentation  has 
been  simplified  where  possible.  These  simplifications  were 
made  in  the  area  of  the  effects  of  Reynolds  number  on  the  lift 
and  drag  coefficients  when  operating  at  angles  of  attack  above 
zero.  The  corrections  for  angle  of  attack  were  set:  up  for  the 
range  of  Reynolds  number  normally  associated  with  propellers, 
and  no  loss  of  accuracy  of  the  results  is  anticipated. 

Tables  II  and  III  in  Volume  III  illustrate  the  methods  for 
determining  the  lif*-  and  drag  coefficients  of  thick  airfoils. 

The  necessary  curv  j  for  the  calculations  shown  are  presented 
in  Volume  III,  Figures  134  to  145. 

When  using  Tables  II  and  III  of  Volume  III  to  find  the  lift  and 
drag  coefficients,  the  data  for  the  symmetrical  airfoils  are 
used  as  a  base.  These  data  were  set  up  for  symmetrical  NACA 
00xx-63  sections.  Corrections  to  the  data  are  used  to  determine 
the  performance  of  the  cambered  and  elliptic  sections.  It 
should  be  noted  that  the  camber  is  expressed  in  percentage  of 
the  total  section  chord. 


Trailinq-Edqe  Extension 

Due  to  the  high  cost  of  developing  a  hollow  steel  propeller 
blade,  trailing-edge  strips  were  added  when  it  became  desirable 
to  increase  blade  activity  factor.  It  was  found  feasible  to  add 
a  trailing-edge  strip  up  to  2054  of  the  original  airfoil  chord. 

To  find  the  performance  of  airfoils  so  modified,  Theodorsen  and 
Stickle,  Reference  32,  developed  theoretical  charts  for  deter¬ 
mining  the  change  of  design  Cl  and  angle  of  attack  as  a  function 
of  the  trailing-edge  strip  angle. 

Generally  when  trailing-edge  strips  are  added  to  a  blade,  it  is 
necessary  to  maintain  the  design  Cl  of  the  section.  To  maintain 
the  design  Cl  of  a  section,  the  tailing-edge  strip  is  applied 
to  the  airfoil  at  the  angle  shown  in  Figure  68.  With  the  trail¬ 
ing-edge  strip  extension  added  to  the  airfoil  at  the  angle 
indicated,  the  angle  of  zero  lift  decreases.  Thus,  to  obtain 
the  same  lift  coefficient  as  determined  from  the  two-dimensional 
airfoil  data,  it  is  necessary  to  increase  the  angle  of  attack  by 
the  increment  shown  on  Figure  69.  This  angle-of-attack  increase 
is  applied  as  a  blade  angle  correction.  Also,  when  the  trailing- 
edge  strip  is  applied  to  the  propeller  blade  at  the  angles  shown 
in  Figure  68,  two-dimensional  airfoil  data  may  be  used  to  cal¬ 
culate  the  performance  if  the  change  in  angle  of  attack  shown 
on  Figure  69  is  used  to  correct  the  apparent  blade  angle. 
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Angle  of  Extension  -  Degrees 


Chord  with  trailing- 
edge  extension  in 
percent  original 
chord 


The  extension  angle 
is  measured  from  a 
line  connecting  ends 
of  mean  camber  line 
of  the  original  sec¬ 
tion. 


.2  .4  .6  .8 

Design  Lift  Coefficient  -  CLi 


Figure  68.  Angle  of  Extension  vs.  Design  CL 
NACA  16  Section. 
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Required 


Propellers  built  using  trailing-edge  strip  have  developed  high 
levels  of  efficiency  at  both  the  takeoff  and  cruise  conditions. 
In  fact,  early  tests  of  the  trailing-edge  blades  indicated  a 
higher  level  of  takeoff  performance  than  would  have  been  ex¬ 
pected,  based  on  the  increase  of  solidity  alone.  An  analysis 
of  the  airfoil  showed  that  NACA  16  series  sections  with  trail¬ 
ing-edge  strips  were  very  much  like  NACA  65  series  sections. 
Thus  the  trailing-edge  strip  can  be  added  to  blades  without 
losses  m  performance  due  to  compromises  in  the  section. 


Airfoil  Moment  Data 


When  calculating  the  power  requirements  for  the  blade  pitch 
change  mechanism,  accurate  data  is  required.  The  torque  re¬ 
quired  for  changing  the  blade  angle  is  the  sum  of  the  aero¬ 
dynamic  moment  produced  by  the  blade  sections  and  the  blade 
centrifugal  twisting  moment.  As  the  blade  centrifugal  twist¬ 
ing  moment  due  to  mass  can  be  calculated  with  good  accuracy, 
it  is  necessary  to  develop  the  data  for  finding  the  aerodynamic 
moment.  The  position  of  the  center  of  lift  and  hence  the  aero¬ 
dynamic  twisting  moment  is  dependent  on  the  airfoil  load  dis¬ 
tribution.  At  low  and  moderate  angles  of  attack,  the  two- 
dimensional  airfoil  data  appears  to  give  good  results  when 
used  to  calculate  the  aerodynamic  moment.  However,  when  oper¬ 
ating  at  high  lift  coefficients,  the  aerodynamic  twisting  moment 
calculated  for  a  propeller  blade  using  two-dimensional  airfoil 
data  does  not  agree  with  test  data. 

As  was  previously  noted  when  operating  at  high  powers,  the 
blade  sections  stall  at  a  higher  angle  than  would  be  expected 
from  two-dimensional  airfoil  data.  This  change  in  stall  angle 
and  level  of  Cj,  apparently  changes  the  moment  coefficient  from 
that  measured  in  two-dimensional  flow,  probably  due  to  cen¬ 
trifugal  boundary  layer  effects. 

To  find  the  center  of  pressure  of  NACA  16  series  airfoils 
under  actual  operating  condition , the  pressure  distribution 
data  was  obtained  on  rotating  blade  sections  of  operating 
propellers.  References  33  to  38.  Blades  of  five  designs  using 
NACA  16  series  airfoils  were  used,  and  measurements  were  made 
at  nine  radial  stations  so  that  a  useful  range  of  section 
thickness  ratio  and  design  lift  coefficients  was  evaluated. 

The  data  covered  a  large  range  of  operating  lift  coefficients 
and  Mach  numbers. 

The  pressure  distribution  data  was  integrated  at  each  station 
and  condition,  and  the  results  were  presented  in  the  form  of  normal 
force  coefficient,  Cn,  and  moment  coefficient  at  the  quarter 
chord,  Crac/4.  From  these  coefficients  tne  location  of  the 
center  of  pressure  in  terms  of  percent  c  fiord  was  determined,  and 
results  were  plotted  as  functions  of  operating  CL  in  Figures  70 
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Figure  70.  Airfoil  Center  of  Pressure  Location,  NACA  16 
Sections  CLi  =  0.0. 
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Figure  71.  Airfoil  Center  of  Pressure  Location.  KACA  16 


Figure  72.  Airfoil  Center  of  Pressure  Location,  NACA  16 
Sections  Cr,i  =  0.5. 


Figure  73.  Airfoil  Center  of  Pressure  Location  NACA  16 
Sections  Effect  of  Thickness  Ratio. 


to  73  .  Although  the  inflow  angle  was  not  known  exactly,  the 
error  of  assuming  Cn  =  Cl  is  small  at  the  low  angles  of  attack 
of  these  tests.  The  data  given  on  Figures  70  to  73  allows 
the  center  of  lift  to  be  found  as  a  function  of  h/b  and  design 
Cl  up  to  the  Mach  number  for  lift  divergence. 

When  the  Mach  number  approaches  and  exceeds  that  for  lift 
divergence,  a  normal  shock  is  formed  on  the  upper  surface  of 
the  airfoil.  Under  these  conditions  the  flow  is  not  steady, 
and  difficulty  was  encountered  in  establishing  the  location  of 
the  center  of  pressure.  The  available  data  indicates  that  the 
center  of  pressure  moves  after  the  lift  divergence  Mach  number 
is  exceeded.  Further  data  are  needed  to  confirm  this. 


PROPELLER  PERFORMANCE  CALCULATION  PROCEDURES 


Introduction 

The  performance  of  a  propeller  must  be  predicted  over  a  wide 
range  of  operating  conditions  to  evaluate  its  suitability  in 
any  given  installation.  The  range  of  operation  must  include 
the  velocity  range  from  zero  to  the  maximum  dive  speed  of  the 
airplane  as  well  as  off-design  conditions,  including  negative 
thrust  operating  conditions.  It  is  also  necessary  to  be  able 
to  predict  the  performance  at  the  feather  condition  and,  in  the 
case  of  a  V/STOL  airplane,  at  conditions  involving  high  shaft 
angles  of  attack. 

The  performance  must  be  predicted  at  any  of  the  above  con¬ 
ditions  for  any  combination  of  propeller  geometry.  For 
instance,  it  must  be  possible  to  predict  the  performance  of 
propellers  with  two  to  twelve  or  more  blades  and  single  or 
dual  rotation.  Blades  differing  in  solidity,  camber,  blade 
angle,  and  thickness  ratio  have  to  be  evaluated  to  find  the 
best  propeller  for  a  given  installation.  Further,  methods 
must  be  available  to  establish  the  optimum  distribution  of 
these  parameters  as  a  function  of  blade  radius  for  a  given 
operating  condition. 

Suitable  calculation  procedures  are  necessary,  as  the  large 
range  of  operating  conditions  as  well  as  the  extensive  range 
of  design  parameters  makes  any  systematic  test  program  for 
developing  charts  suitable  for  establishing  the  performance  of 
any  propeller  highly  impractical.  Therefore,  suitable  calcu¬ 
lation  procedures  are  required  for  designing  and  evaluating 
propellers.  The  accuracy  of  these  procedures  must  be  high  to 
be  suitable  for  design  purposes;  therefore,  the  methods  and 
data  are  evaluated  against  test  data  and  modified  where  neces¬ 
sary  to  obtain  the  desired  accuracy. 

When  the  propeller  is  producing  positive  thrust  with  a  given 
power  input,  the  performance  can  be  found  from  test  data,  by 
single-point  methods  or  by  strip  analysis  procedures,  using  the 
vortex  theory  to  calculate  the  induced  velocity  and  efficiency 
and  two-dimensional  airfoil  data  to  calculate  the  profile 
losses.  If  the  performance  is  determined  from  test  data,  the 
blade  geometry  of  the  desired  propeller  must  be  similar  to  that 
of  the  test  propeller.  Also,  the  test  data  must  cover  the 
range  of  loading,  Reynolds  number  and  Mach  number  required  for 
analysis.  Using  the  vortex  theory  of  propellers  developed  in 
the  previous  sections,  certain  corrections  can  be  made  to  pro¬ 
peller  test  data  that  extend  its  usefulness.  However,  it  is 
generally  unusual  to  have  the  exact  test  data  required  to  cal¬ 
culate  the  performance  of  the  desired  propeller  with  the  same 
accuracy  as  is  possible  with  the  other  methods. 
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Single-point  methods  for  calculating  the  performance  have  been 
developed  which  can  be  used  with  test  data  for  deter¬ 
mining  the  profile  losses,  or  the  profile  losses  may  be  calcu¬ 
lated  by  strip  analysis  theory.  Thus,  when  calculating  the 
performance  of  propellers  using  single-point  methods,  the 
induced  losses  are  determined  based  on  theoretical  vortex 
theory  results,  and  the  profile  or  drag  losses  are  found  from 
the  test  data  or  by  integrating  the  drag  losses  using  airfoil 
data.  Although  this  method  of  calculating  the  performance  is 
limited  to  blades  where  the  data  is  available  with  the  same 
thickness  ratio,  camber,  and  blade  angle  distribution,  the  pro¬ 
cedure  is  of  sufficient  accuracy  to  be  very  valuable  for 
initial  propeller  selection  procedures. 

For  ehe  normal  range  of  propeller  operation,  the  strip  analysis 
method  of  calculation  is  the  best  method  available  for  analyz¬ 
ing  a  given  propeller  or  designing  a  new  propeller.  This 
method  of  performance  calculation  is  based  on  determining  the 
lift  and  drag  at  a  series  of  blade  stations  from  two-dimen¬ 
sional  airfoil  data  and  resolving  these  quantities  in  the 
thrust  and  torque  direction  and  integrating  to  find  the  total 
thrust  torque  and  efficiency.  The  propeller  vortex  theory  for 
correcting  conditions  at  the  blade  to  correspond  to  two-dimen¬ 
sional  conditions  and  the  necessary  airfoil  data  have  been 
presented.  These  theories  and  data  are  the  basis  for  all 
strip  analysis  performance  calculations  in  the  full  range  of 
operation. 

The  strip  analysis  procedure  also  allows  the  use  of  the  actual 
velocity  distribution  in  the  plane  of  the  propeller  as  deter¬ 
mined  by  the  geometry  of  the  airplane  for  finding  the  force 
coefficients.  Thus  the  true  efficiency  of  the  propeller  as 
installed  on  the  airplane  may  be  found. 

The  normal  range  of  operation  is  that  where  the  propeller  is 
producing  positive  thrust  and  the  shaft  angle  is  between  0  and 
approximately  10  degrees.  At  normal  operating  conditions,  the 
flow  into  the  propeller  is  essentially  axial  with  no  sudden 
change  due  to  blockage,  for  instance.  Normal  propeller  oper¬ 
ation  is  also  that  where  the  blade  loading  is  near  the  optimum 
so  that  the  theoretical  values  of  induced  velocity  can  be  used. 

The  methods  for  calculating  the  performance  of  the  propeller  at 
all  the  conditions  required  using  the  theory  and  airfoil  data 
previously  presented  are  given  in  the  following  sections.  The 
methods  will  cover  strip  analysis  procedures,  single-point 
methods,  off-design  conditions,  optimization  procedures,  fail¬ 
ure  conditions,  and  supersonic  propellers.  Where  possible,  the 
accuracy  of  the  results  found  using  methods  of  calculation 
will  be  compared  with  test  data. 


When  the  propeller  is  installed  on  an  airplane,  the  velocity  at 
the  propeller  disc  may  be  different  from  the  free-stream  vel¬ 
ocity  due  to  the  influence  of  other  parts  of  the  airplane. 

For  instance,  if  the  propeller  were  installed  in  front  of  a 
large  radial  reciprocating  engine,  the  velocity  on  the  inboard 
section  of  the  propeller  would  be  less  than  the  free  stream. 

On  the  other  hand,  if  the  propeller  were  installed  on  a  large 
spinner,  the  velocity  at  the  inboard  sections  would  exceed  the 
free-stream  velocity.  On  some  of  the  older  airships,  the  pro¬ 
pellers  operated  completely  within  the  bounda-  y  layer  and  the 
velocity  in  the  propeller  plane  was  much  less  than  free  stream. 

The  velocity  in  the  propeller  disc  determines  the  forces  on  the 
blades.  If  the  velocity  is  less  than  free  stream,  the  thrust 
is  higher  than  if  the  section  were  operating  at  free-stream 
conditions.  Thus  if  the  efficiency  were  calculated  using  the 
free-stream  velocity,  the  level  would  exceed  the  actual  value 
by  the  ratio  of  the  integrated  velocities.  This  fact  has  been 
demonstrated  by  flight  tests  of  a  P-47  airplane  equipped  with 
a  thrust  meter,  where,  with  measured  thrust  and  free-stream  vel¬ 
ocity,  an  efficiency  of  over  100%  was  obtained. 

If  the  efficiency  is  calculated  using  a  proper  integration  of 
the  velocity  in  the  place  of  the  disc,  the  values  will  not  ex¬ 
ceed  100%.  In  this  case  the  true  efficiency  of  the  propeller 
is  determined.  Thus  if  the  true  efficiency  is  quoted, it  is 
necessary  to  know  the  velocity  in  the  plane  of  the  disc  to 
determine  the  thrust  available  for  propulsion. 

Unfortunately,  the  propeller  and  airplane  designer  may  not  use 
exactly  the  same  velocity  for  determining  the  conditions  iri 
the  plane  of  the  disc,  so  that  differences  in  thrust  are  cal¬ 
culated  for  the  same  values  of  efficiency.  To  eliminate  this 
problem,  it  has  become  standard  to  quote  the  efficiency  based 
on  the  free-stream  velocity.  This  value  of  efficiency  is  de¬ 
fined  as  the  apparent  efficiency  and  is  used  to  calculate  the 
actual  thrust.  The  procedure  for  calculating  the  performance 
by  strip  analysis  is  based  on  the  use  of  the  free-stream  vel¬ 
ocity  for  determining  the  efficiency. 


Strip  Analysis  Procedure  -  Single  Rotation,  V  a  0 

The  strip  analysis  calculating  procedure  for  finding  the  per¬ 
formance  of  single -rotation  propellers  at  the  static  condition 
V  =  0  is  given  in  detail  on  Tables  IV  and  V.  This  procedure  was 
developed  from  Equations  109  to  117  previously  derived.  When 
calculating  the  performance,  the  geometric  characteristics  of 
the  propeller  must  be  known, including  the  blade  number,  di¬ 
ameter,  and  detailed  blade  characteristics.  The  power  to  be 


TABLE  III.  STRIP  ANALYSIS  CALCULATION  PROCEDURE 
FORWARD  VELOCITY  =  0 


BLADE  NO.B  ALTITUDE ~ 


RPM  PROP  =  N  =  _ 

TEMP.=  _  DIAMETER^ 


Find:  p  - _ = _  Speed  of  sound  -  a _ From  ATS  Tables 

Calculate:  Req'd  Cp  =  .0005bp  / WlOOO}3  (D/10)5] 


ITEM  NO. 

PROCEDURE 

1  X  =  r/R 

Spinner  6  x  =  .2, .3, .4, .5, .6, .7, 

.8, .9, .95  &  .975 

2  Tr  NDx 

Know  D,x,N  Cal.  rnDx  =  » NDx/ (60) 

3  Ms  =  »■  nDx/a 

Calculate 

4  b  =  Blade  Chord 

From  blade  characteristics 

5  RN  =  (P/p i  )b»-  nDx 

Calculate 

6  Cn  =  Desiqn  Cr. 

From  blade  characteristics 

7  h/b  =  Thickness  Ratio 

From  blade  characteristics 

8  b  -  Blade  Angle  Dist. 

From  blade  characteristics  - 

value  assumed 

9  <r  s  bB/T  xD 

Calculate 

10  fix 

Calculate 

11  tan  7 

Step  24  Table  iv 

12  COS  0 

Step  3  Table  iv 

13  cos20 

Calculate 

14  sin  0 

Tables 

15  CL 

Step  20  Table  IV 

16  x4tt3/8 

Calculate 

17  x<rCLx4 

Calculate 

18  ACq/Ax 

A  X  <r  Ct(x4t r  fccos^  (sin0  +  tan  r  COS0 

19  x3tt  3/4 

Calculate 

20  ACt/A  X  - 

Ax<rC  (xir  )3cos20(cos0  -  tanysin0 
8 

21  Cq  = 

EACjy' A  X 

Calculate  Cp;  item  22  must  agree 

with  req'd  Cp  within  3%; other- 

wise, repeat  calculation  at 

new 

23  CT 

SACq/A  X 

24  k' 

Figure  65  contraction  ratio 

25  FM  = 

.565  Cp3/2/Cpk' 

TABLE  IV. 

PROCEDURE  FOR  CALCULATING  CL  &  CD 

FORWARD  VELOCITY  =0 

Tt 

B  = _ From  Table  III 

Cp  =  From  Table  III 

nD  _ 

ITEM 

PROCEDURE 

X 

x  =  r/R 

From  Table  III 

2 

Assume 

3 

tan  >4 

Tables  (Trig) 

4 

w/nD 

j-x  tan  f6 

5 

K(x) 

From  Figures  8  to  12 

6 

< 

From  Figure  19 

7 

k 

From  Figure  7 

3 

(  *+  V2)/« 

Calculate 

9 

'C* 

2  K(x)<(  «  +  V2>/*)2 

10 

b 

Table  III 

11 

a 

bB/r ,  XD 

12 

CL 

13 

0 

Table  III 

14 

a  =  0  -  0 

Calculate 

15 

CLi 

Table  III 

16 

h/b 

Table  III 

17 

Section  Type 

Table  III 

18 

RN 

Table  III 

19 

Ms 

Table  III 

20 

Cl 

Operating  Cl  @  a ,  M  Appendix  II 

21 

cl  ^cl 

Cl(12)  ^  Cl(20)  Repeat  steps  2  to  21 

22 

cl  =  cL 

Cl<12)  =  Cl(20)  Complete  calculation 

23 

CD-1 

From  airfoil  data  Appendix  @  Cl (22  ) 

24 

tan  y  =  Cjn/C^ 

Calculate 

absorbed,  the  rotational  speed,  and  the  ambient  conditions  must 
also  be  known. 

The  procedure  given  in  Table  ill  is  based  on  incompressible 
flow  theory  for  finding  the  induced  velocity.  However,  com¬ 
pressibility  effects  are  considered  with  the  use  of  the  air¬ 
foil  data  which  accounts  for  Mach  number  effects.  If  the 
propeller  is  operating  at  tip  Mach  numbers  in  excess  of  one, 
the  tip  corrections  given  on  Figures  57  to  63  should  be 
applied  to  correct  the  lift  and  drag  data. 

The  lift  and  drag  characteristics  at  each  blade  station  are 
found  based  on  Equation (117 ) and  two-dimensional  airfoil  data. 
Equation(ll79relates  the  induced  angle  to  the  loading,  <r  Cl. 

With  the  induced  angle  and  blade  angle  known,  the  two-dimen¬ 
sional  angle  of  attack  is  determined  by  Equation (51).  The 
lift  and  drag  coefficients  are  found  from  the  two-dimensional 
airfoil  data  given  in  Appendix  XI,  Volume  III,  at  the  angle  of 
attack  for  the  specified  airfoil  section  and  operating  condition. 
The  a- Cl  determined  from  the  airfoil  data  must  match  the  a  Cl 
used  to  find  the  induced  angle;  otherwise,  further  iterations 
must  be  made  until  agreement  is  obtained. 

• 

The  design  Cl  and  thickness  ratio  of  the  airfoils  specified 
for  the  propeller  at  each  blade  station  will  not  match  these 
presented  in  Appendix  II,  Volume  III.  Therefore,  when  finding 
the  lift  and  drag  coefficients,  it  is  necessary  to  use  linear 
interpolation.  Thus,  if  the  lift  of  a  section  with  a  design 
Cl  of  .5  and  a  thickness  ratio  of  7.5%  were  required,  the  lift 
would  be  read  at  thickness  ratios  of  6%  and  9  degrees,  and 
desired  value  would  be  halfway  between  the  two  values. 

The  differential  torque  and  thrust  coefficients  at  each 
station  are  determined  based  on  Equations  (62)  and  (63)  .  The 
procedure  outlined  in  Table  III  uses  the  method  of  integration 
given  and  Equations (110 )and  (111 )to  determine  the  total  thrust 
and  torque  coefficients.  If  the  performance  of  the  propeller 
is  to  be  found  at  given  power,  the  power  found  from  the  inte¬ 
grated  torque  coefficient  must  agree  within  t3%.  If  this 
level  of  accuracy  is  not  obtained,  the  blade  angle  setting 
must  be  adjusted  until  agreement  is  obtained. 

The  results  of  the  calculation  are  presented  in  terms  of 
Figure  of  Merit.  The  Figure  of  Merit  is  determined  knowing 
the  thrust  and  power  coefficients  using  the  Theodorsen  con¬ 
traction  ratio  found  as  a  function  of  the  power  coefficient 
from  Figure  65. 
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Strip  Analysis  Procedure  -  Single  Rotation.V>0 

The  strip  analysis  procedure  for  calculating  the  performance 
of  propellers  at  a  forward  velocity  above  zero  is  similar  to 
that  described  for  the  static  condition.  The  main  difference 
in  the  two  procedures  is  the  effect  of  forward  velocity.  The 
procedures  used  are  given  in  Tables  V  to  VII  and  are  developed 
from  Equations  (44)  to  (58). 

Table  V  contains  the  basic  information  needed  for  the  analysis, 
the  calculation  of  the  fixed  constants,  and  the  final  results. 

The  detailed  blade  data  required,  including  the  distributions 
of  blade  chord,  design  Cl  and  blade  angle,  are  given  in  Table 
V,  along  with  the  detailed  procedure  for  calculating  the  torque 
and  thrust  coefficients  at  each  station.  The  calculation  of 
the  operating  lift  coefficient  depends  on  the  matching  of  the 
induced  loading  and  the  lift  and  drag  characteristics  of  the  air¬ 
foils  from  Appendix  II,  Volume  III,  and  presented  on  Table  VII. 

Before  starting  the  strip  analysis  calculation,  it  is  necessary 
to  establish  the  operating  blade  angle  that  will  closely  match 
the  power  specified.  If  many  calculations  are  planned  to 
develop  an  efficiency  map,  this  is  not  necessary.  However, 
when  the  power  is  specified,  the  calculated  value  should  check 
that  given  within  3  percent.  If  no  other  data  is  available 
for  estimating  the  blade  angle,  the  single-point  method  given 
on  page  182  may  be  used.  The  operating  blade  angle  at  x  =  .75 
may  be  found  as  follows: 

1.  Ca_culate  power  coefficient  Cp  and 
advance  ratio  J,  Table  VI. 

2.  From  short  single-point  method,  find 
drag/lift  ratio  r  and  efficiency 
knowing  activity  factor  and  inte¬ 
grated  design  Cl- 

3.  Calculate  tan  0  =  J/.75x. 

4.  Find  tan  (0  +  r  )  -  tan  0o/’7. 

5.  Knowing  r,  read  0. 

6.  Using  the  airfoil  data  of  Appendix  II, 

Volume  III,  read  a  operating  Cl  @  Y  for 
the  section  corresponding  to  the  x  =  .75. 

7.  Knowing  Cl, read  <z. 

8.  0 .75  -  0  +  =  • 
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TABLE  VII. 

PROCEDURE  FOR  CALCULATING  CL  &  Cd, 
SINGLE-ROTATION  PROPELLERS, 

FORWARD  VELOCITY  V>  0 

Vn  =  .  fps 

D= _  £t  n _  rps  J  = _  Vo/nD  = _ 

Blade  No.  B 

— 

ITEM 

PROCEDURE 

1 

x  =  r/R 

From  Table  VI 

2 

V/Vo 

Table 

3 

JL 

J(v/VQ) 

4 

0 

Table  VI 

5 

b 

Table  VI 

6 

RN 

Table  VI 

7 

M 

Table  VI 

8 

<J 

bB/  rt  xD 

9 

w 

Assume  =  .3,  first  iteration,  w  =  0 
when  Ma»1.0 

10 

1  -  w/2 

Calculate 

11 

0 

=  tan-1  ( J/  ir  x)  (1  +  w/2 ) 

12 

COS  0 

From  Tables 

13 

cos20 

Calculate 

14 

sin20 

From  Tables  (Trig) 

15 

1  +  w 

1  +  (9) 

16 

Jw 

Jl(1  +  w) 

17 

K(x) 

Read  from  Figure  8  to  12  @  B,x  &  Jw 

18 

sin20/cos  0 

Calculate  (14)/(12) 

19 

F(w) 

(1  +  w)/(l  +  w/2)(l  +  w/2  cos2) 

20 

°-cL 

F(w)2WK(x)  (18) 

21 

Wc/Wi 

Read  Figures  27  to  56  @  Ma,  J  and  x 

22 

Wc/2 

Wc/2 (wc/wl) 

23 

0c 

tan-l(J/  x) (1  +  wc/2) 

24 

«  =  (4 )  —  (23 ) 

d  -  0c 

25 

cLu 

From  airfoil  data  Appendix  n 

26 

K, 

Read  from  Figures  57  to  63 

27 

CL 

=  K,  CLU 

28 

o-Cl 

Must  agree  with  <r  C^  item  20  or 

repeat  (9  to  28) 

29 

cDu 

From  airfoil  data 

30 

CD 

K,  Cpy 

With  the  blade  angle  setting  as  determined  above,  the  blade 
angle  at  each  station  is  determined  and  the  calculation  is 
made  as  outlined  in  Tables  VII  and  IX  .  When  matching  the 
induced  loading  «■  Cl  with  the  loading  determined  from  the  air¬ 
foil  data  of  Appendix  II,  Volume  III,  it  is  convenient  with  the 
hand. calculations  to  cross  plot  Cl  versus  angle  of  attack  to 
determine  the  true  operating  lift  coefficient.  When  the  lift 
and  drag  coefficients  are  found  from  the  airfoil  data,  linear 
interpolations  with  respect  to  design  Cl  and  thickness  ratio 
are  used  for  sections  between  those  for  which  data  are  avail¬ 
able.  After  the  lift  and  drag  coefficients  are  established, 
the  differential  torque  and  thrust  coefficients  are  found  and 
the  results  integrated.  If  the  power  is  within  3  percent  of 
the  specified  value,  the  efficiency  is  found;  otherwise,  other 
iterations  are  required  until  the  power  is  within  limits. 

The  procedures  outlined  above  for  calculating  the  efficiency 
are  for  a  propeller  with  specified  characteristics.  Proced¬ 
ures  have  also  been  developed  for  modifying  the  distribution 
of  blade  angle,  design  lift  coefficient,  and  blade  chord  to 
obtain  the  optimum  loading,  and  therefore,  the  optimum  per¬ 
formance.  The  theory  and  procedures  for  these  calculations 
are  presented  in  the  section  entitled  "Optimum  Propeller 
Design". 

The  basic  procedure  for  calculating  the  performance  of  pro¬ 
pellers  operating  at  a  velocity  greater  than  zero  has  been 
set  up  for  high-speed  computers,  as  these  calculations  are 
very  time  consuming  and  many  points  are  received  in  the  course 
of  selecting  a  propeller  for  a  given  installation.  The  basic 
method  with  the  input  and  output  requirements  is  given 
in  Appendix  III.  This  computation  method  depends  on  a  "Tape" 
which  has  the  basic  airfoil  data  and  the  coefficients  for  es¬ 
tablishing  the  induced  characteristics.  The  tape  setup  is 
also  given  and  could  be  generated  from  the  airfoil  data  of 
Appendix  II  and  the  induced  data  given  on  Figures  7  to  20. 
With  the  procedure  shown  in  Appendix  III,  it  is  possible  to 
write  the  required  program  in  computer  language. 


Strip  Analysis  Procedure  -  Single  Rotation,  Va  0,  M<1.0 

The  preceding  strip  analysis  methods  apply  only  when  the  pro¬ 
peller  is  operating  at  tip  Mach  numbers  less  than  one.  From 
the  data  presented,  it  was  shown  that  compressibility  effects 
did  not  influence  the  induced  losses  as  long  as  the  tip  Mach 
number  is  less  than  1.0.  However,  if  the  tip  Mach  number  ex¬ 
ceeds  1.0,  the  rule  of  forbidden  signals  becomes  important, 
and  modifications  to  the  induced  velocity  must  be  made  as 
shown  on  Table  IX  .  When  applying  the  data  for  correcting  the 
induced  velocity  for  compressibility  effects,  it  should  be 
noted  that  there  are  two  effects  that  are  considered.  The 


first  correction  reduces  the  inflow  velocity  due  to  the  block¬ 
ages  of  the  induced  flow  by  the  shock  waves.  The  second  cor¬ 
rection  is  localized  at  the  tip  within  the  Mach  cone  and 
effectively  reduces  the  lift  and  drag  coefficients  from  that 
read  for  two-dimensional  flow. 


Strip  Analysis  Procedure  -  Single  Rotation,  M  >  1 


When  calculating  the  performance  of  propellers  operating  at 
forward  Mach  number  above  1.0 (supersonic  propellers),  the  pro¬ 
cedures  are  much  simpler.  Because  of  the  rule  of  forbidden 
signals,  induced  velocity  is  zero.  Thus  0  =  0O  and  the  angle 
of  attack  of  the  section  can  be  found  directly.  The  only  cor¬ 
rection  to  the  data  that  is  necessary  is  that  due  to  tip 
effects  given  on  Figures  57  to  63  .  Table  VII  is  used  to 
determine  the  lift  and  drag  characteristics,  and  Tables  V  and  VI 
are  used  for  calculating  thrust  and  torque  coefficients  and 
the  final  efficiency. 


Strip  Analysis  Procedures  -  Dual  Rotation,  V=»  0 

The  procedure  for  calculating  the  performance  of  dual-rotation 
propellers  by  strip  analysis  is  given  on  Tables  VII  to  XI. 

The  procedure  was  developed  from  Equations  (66)  to  (78)  and  also 
used  the  two-dimensional  airfoil  data  of  Volume  III. 

The  calculation  procedure  is  similar  to  that  for  single-rota¬ 
tion  propellers.  The  main  difference  is  the  effect  of  the 
front  unit  on  the  rear  and  the  length  of  the  calculation.  Be¬ 
cause  of  the  mutual  interaction  of  the  front  and  rear  units 
the  blade  angles  must  be  different  for  equal  power  absorption. 
Equal  power  absorption  between  units  is  necessary  for  peak 
efficiency  and  to  minimize  gearbox  loads. 


TABLE  VIII.  STRIP  ANALYSIS  CALCULATION, 
DUAL-ROTATION  PROPELLERS 


DATA  GIVEN 

_  fps,  Shaft  Horsepower _ Prop.rpm  = _ 

Feet,  Temp. _ °  Pressure _ psi 

No.  of  Blades  = _ Blade  Des. _ 

Blade  AF  _  ICLi  _ 

CONSTANTS  FOUND 

Density  Ratio  <r  _  Density  _ 

Speed  of  Sound,  a  _ fps  Mach  No.,  V^a  = _ 

cp  -  .0005  HP .  Advance  Ratio  ~0Vff  = _  j 

<r  -JL-l3|-Dl5  ^ 

lOOOj  |io| 

irnD  =  irND/60  _  Tip  Speed _ fps  R  =  D/2 


Velocity,  V0  = 

Altitude  = _ 

Propeller= _ 

Diameter  = _ 


INTEGRATED  RESULTS 


:p  =  cPF  +  cpR  - 

1(27) 

'T  =  CTF  +  CTR  = 

2(32) 

TABLE  IX.  STRIP  ANALYSIS  CALCULATION  PROCEDURE, 
DUAL-ROTATION  PROPELLERS 


PROCEDURE 

1 

x  =  r/R 

Use  xs  &  x  . 3, . 4/ . 5/ .6, .7, .8, .9,  & 

.95#  .975 

2 

A  x 

(.3  -  Xg)/2,  (.4  -  xs)/2, .1  -...1, 

.075, .0375  &  .025 

3 

V/V0 

Given  for  installation 

4 

CSC  0o 

0O  tan-^J/ *  x  Tables 

5 

M  =  Ma(4)  (3) 

Ma  esc  0  V/V0 

6 

b 

Given  -  Blade  Characteristic  Curves 

7 

RN  at  a  (5)  (6)  p/n 

a  b  M  P  /*■ 

8 

.8 

Given  -  Blade  Characteristic  Curves 

9 

Design  CL 

It  II  It  II 

10 

h/b 

II  II  It  II 

11 

cr 

bB/2  r  XD 

12 

J2M2/Ma 

Calculate 

13 

(  tt2x2/4)Ax 

II 

14 

(  tx/4  )Ax 

II 

15 

<T  (11)  (12)  (13) 

a r  (  v  ^  x.2/4  ) A  x 

16 

(11 )  (12)  (14) 

<r  J2M2/Ma  (  *x/4)Ax 

DETERMINE  FOR 

FRONT  PROP  REAR  PROP 

Bnea 


TABLE  X.  PROCEDURE  FOR  CALCULATING  CL  &  CD( 
DUAL-ROTATION  PROPELLERS, 

VELOCITY  V=»  0 ,  1 . 0 

FRONT  COMPONENT 

Vc=  _  fps  D  = 

_ ft  n  = _ rps  J  =  V0/nD= _ 

Blade  No. 

B  = 

ITEM 

PROCEDURE 

1 

x  =  r/R 

Table  lx 

2 

VAo 

Table  IX 

3 

Jl 

J  •  v/v0 

4 

^F 

Table  IX 

5 

b 

Table  IX 

6 

RN 

Table  IX 

7 

M 

Table  IX 

8 

w 

Assume  =  .3,  First  iteration 

9 

1  +  w 

Calculate 

10 

Jl/»  * 

Calculate 

11 

0O 

tan-1  Jj/jt  x 

12 

sin  0O 

Tables 

13 

sin20o 

Calculate 

14 

J  =  (3)  (9) 

JL(1  +  w) 

15 

k 

Figure  18 

16 

K(x,e) 

Figure  13  to  17 

17 

1  +l/4[(15)(13)(8)j 

1  +  1/4  (k  w  sin20o) 

18 

(8)(9)/(17) 

Calculate 

19 

<rCLF=  (10)  (18)  (16) 

From  Equation  71 

20 

GF  =  y/l7 

Calculate 

21 

0 

tarr^J/VxJd  t-w/2) 

22 

0F 

tarr^jj/rxj^l  +  w/2(  1  +  Jjk  tan20^ 

23 

o  F  =  /5ji  -  0p 

Calculate 

24 

From  airfoil  data  -Appendix  II,,Vol.III 

25 

ffCL 

Must  agree  with  item  19  or 

steps  C  to  19  must  be  repeated 

26 

cD 

From  airfoil  data  -Appendix  II, 

Vol.  Ill 
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TABLE  XI.  PROCEDURE  FOR  CALCULATING  CL  &  CDf 
DUAL-ROTATION  PROPELLERS, 

VELOCITY  V=>0,MT«sl.0 


REAR  COMPONENT 


V0= _ fps ,  D  _ 

Blade  No. 

_ ft  n=  rps  J  =  V„/nD  = 

ITEM 

PROCEDURE 

1 

X 

Table  IX 

2 

JL 

Table  X 

3 

w 

Assume  =  .3,  First  iteration 

4 

1  +  w 

Calculate 

5 

Jl/  w  x 

Table  X 

6 

0o 

Table  X 

7 

sin  0O 

Table  X. 

8 

sin20o 

Calculate 

9 

Jw  =  (2)  (4) 

JL(1  +  w  ) 

10 

k 

Figure  18 

11 

Gp  -  1 

1/4 (k  w  sin20o) 

12 

3(11) 

Calculate 

13 

</gr 

Jl  +  12 

14 

gf/  gr 

Calculate 

15 

CLF 

Table  x 

16 

CLR  =  cLF<14) 

Calculate 

18 

0 

tan-1  jj/,rx)(l  f  w/2) 

19 

0R 

tan-1(  3/  irxj^l  +  w/2  (1  -  ^k  tan20)j 

20 

0R 

Table  X 

21 

“  R  =  ^R~0R 

Calculate 

22 

CL 

From  airfoil  data  -  Appendix  13; 

Volume  III,  must  agree  with  item 
16  or  steps  3  to  16  must  be 
repeated 


23  CL 


From  airfoil  data  =  Appendix  II, 
Volume  III 


OPTIMUM  PROPELLER  DESIGN 

For  purposes  of  designing  propellers,  it  is  necessary  to  know 
the  blade  planform,  blade  loading,  and/or  design  Cj,  distri¬ 
bution  which  results  in  maximum  efficiency  for  a  given  design 
flight  condition.  Previously  the  blades  have  been  designed  on 
the  basis  of  a  Betz  type  loading,  on  a  maximum  lift-drag  ratio 
loading,  or  on  a  combination  of  the  two  loadings.  In  general, 
the  results  obtained  by  these  loadings  are  near  maximum  effi¬ 
ciency.  However,  the  true  maximum  is  obtained  when  the  com¬ 
bination  of  profile  and  induced  losses  is  a  minimum.  To 
determine  this  optimum  condition,  the  theory  of  "Calculus  of 
Variation"  is  used. 

The  application  of  the  Calculus  of  Variations  to  the  propeller 
problem  was  developed  by  Haines  and  Diprose,  Reference  39. 

The  solution  to  the  problem  as  given  requires  considerable 
time  for  the  calculation.  For  the  solution  to  a  specific  case, 
simplifications  to  the  general  solution  may  be  made  which 
greatly  reduce  the  calculating  time. 


Optimum  Blade  Loading 

In  the  following  discussion  it  is  assumed  that  the  design 
flight  condition  and  the  propeller  configuration  with  t-he  ex¬ 
ception  of  the  blade  planform,  blade  loading,  and/or  design 
C&  distribution  are  specified.  The  problem  is  to  define  these 
three  unknown  distributions  to  produce  maximum  propeller  effi¬ 
ciency  at  the  given  design  condition.  Obviously  the  condition 
of  maximum  efficiency  will  be  realized  if  these  distributions 
are  selected  such  that  the  power  loss  for  the  given  power 
input  is  minimum.  The  solution  then  requires  that  one  integral 
(power  loss)  shall  be  minimized  for  a  constant  value  of  a  sec¬ 
ond  integral  (power  input).  This  is  a  problem  which  may  be 
solved  by  the  theory  of  "Calculus  of  Variations". 

The  problem  is  to  determine  a  distr-.bution  or  distributions, 
depending  upon  the  number  of  variable  quantities,  such  that 
the  power  loss  integral  is  minimized  for  a  constant  value  of 
the  power  input.  The  general  solution  as  given  in  Reference  40 
is 


r  A 
r  n 


=  o 


(120) 
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where 


dACp 

A=  TST2 


+ 


X  dCp 

75 


X=  arbitrary  constant  (with  x)  so  chosen 
that  the  power  input  integral  is  the 
desired  value 


M  =  independent  variable  and  the  subscript 
refers  to  the  particular  independent 
variable  as  Cl,  Cli  or  b. 


EquationCL20)must be  satisfied  for  each  station  along  the  blade. 
Note  that  an  equation  must  be  written  for  each  independent 
variable.  Consequently,  for  n  independent  variables,  there 
will  be  n  conditions  to  be  satisfied.  With  Equation (120)as  the 
basic  equation,  various  specific  cases  will  now  be  considered. 


Case  1;  Variable  blade  planform  and  blade  loading. 


Since  there  are  two  independent  variables  in  this  problem,  two 
equations  must  be  written.  In  Reference  39,  it  was  shown  that 
one  condition  is  that  L/D  must  be  maximum.  Consequently,  the 
lift  and  drag  coefficients  are  known  (from  airfoil  data), and 
the  problem  is  reduced  to  a  single  variable  —  blade  planform. 
It  was  also  shown  in  Reference  39  that  the  solution  for  a 
single  variable  requires  that 


dACp 

dCp 


(121) 


where  A  Cp 


dACp 

dx  “ 


dCp 

dx 


X  =  arbitrary  constant  as  previously 
defined. 


Equation  (121)  is  not  dependent  upon  any  particular  integrals 
defining  ACp  and  Cp  and,  therefore,  it  applies  to  any  strip 
analysis  equation  .  Since  ACp/cp  is  the  element  efficiency 
loss, 

A  Cp  =  Cp  -  JCT  (122) 

and  dACp  =  dCp  -  JdCrp  (123) 
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Thus,  Equation  Q.  2]}  becomes 


d9r  _  x, 

dCp 


(124) 


where  X,  is  a  constant,  but  has  a  value  different  from  A  . 

Thus,  the  solution  to  case  1  may  be  determined  by  the  follow¬ 
ing  steps: 


1.  From  suitable  airfoil  data,  determine  at  each 
station  the  CL  and  CE  for  maximum  L/D. 

2.  At  each  station,  assume  several  values  of  solidity 
and  calculate  by  the  strip  analysis  method  the 
corresponding  AxCj  and  AxCp. 

3.  Plot  AxCpvprsus  AxCp  and  determine  graphically 
the  slope  dC^/dCp^ 

4.  At  each  x,  plot  X=  dCT/dCp  versus  AxCp. 

5.  Assume  a  value  of  X  ,  such  that  2  A  xCp 
equal  to  the  desired  power  coefficient, 

6.  The  blade  angle  may  be  determined  from  airfoil 
data  since  the  CL  and  therefore  o  are  known 
from  step  1. 

7.  The  solidity  may  be  determined  from  a  plot  of  * 
versus  AxCp. 

8.  The  efficiency  may  be  determined  from  ij=  JCy/Cp, 
where  CT=  EAxOp, and  AxCT  may  be  found  from 
the  plot  in  step  3. 

Note  that  this  procedure  would  be  the  same  if  the  blade  plan- 
form  were  fixed  and  the  Cj,  distribution  desired.  In  this  case 
various  values  of  Cl  instead  of  <r  at  each  station  would  be 
assumed  and  corresponding  calculations  performed. 


The  method  described  above  is  exact.  However,  the  time  re¬ 
quired  is  considerable,  and  the  accuracy  i3  affected  somewhat  by 
the  graphical  determination  of  the  slope,  item  3  above.  In  the 
following  equations,  the  basic  strip  analysis  equation  given  in 
the  previous  section  will  be  used,  and  several  simplifying 
assumptions  made  to  reduce  the  time  required  for  the  calcula¬ 
tion. 


The  necessary  equations  for  the  profile  and  induced  losses  are 
derived  from  Equations  39  to  65. 
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Thus,  from  Equation  (120), 
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A  =  -T  <rCL(^f[tanr  5d  +  J!  cos  0] 
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Since  CL  and  Cp  are  fixed  by  the  condition  of  maximum  L/D,  the 
only  independent  variable  is  the  solidity,  ”  .  It  will  be 
assumed  that  at  a  given  station,  a  change  in  <r  changes  the 
value  of  w,  but  does  not  change  the  angle  0  which  is  assumed 
equal  to  0O.  It  would  appear  that  the  resulting  solution 
would  apply  only  to  light  loadings.  However,  exceptionally 
good  accuracy  has  been  found  even  at  very  high  loadings.  From 
Equation  (131), 
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Therefore, 
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(133) 

Since  it  was  assumed  that  0  =  0o<  V^nD  =  J/sin 
W  is  below  about  .4,  a  plot  of  o'  C^,  versus  is 
straight  line  passing  through  0  at  B  =  0. 

0o»  Also,  if 
essentially  a 

Consequently, 

o-Cl  =  aw 

(134) 

b  'H  _  1 
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(135) 

Since  Cjj  is  a  fixed  value,  for  this  case  »  iw/U  =  w. 
Substituting  these  values  into  Equation  (133), 
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+ 


tany  _ 
tan  0o 


0 


Since 
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It  is  cf  interest  to  note  that  if  the  drag  coefficient  is  zero, 
Equation 0.39 reduces  to  the  condition  that  w  must  be  constant 
along  the  blade.  This  is  the  Betz  condition  for  optimum  load¬ 
ing.  As  a  matter  of  fact,  where  both  blade  chord  and  loading 
are  variables,  the  efficiency  determined  by  the  exact  solution 
will  differ  only  slightly  from  that  obtained  by  using  the  con¬ 
ditions  of  maximum  L/D  and  constant  w,  provided  there  is  no 
rapid  variation  of  tany  withx.  It  should  be  emphasized 
here  that  the  condition  of  max.  L/D  applies  only  to  the  case 
where  both  solidity  and  loading  may  vary  along  the  span.  No 
such  simplification  is  possible  if  either  of  these  quantities 
is  fixed. 


Case  2:  Fixed  solidity  -  variable  C j,  (or/9  ) 

The  solution  of  this  case  may  be  obtained  in  exactly  the  same 
manner  as  that  used  to  obtain  Equation  138.  Again,  using 
Equations  120  and  131, 

v? 

b  A  _  b  CD  JL  +  J  b  (CL  2  cos  0)  +  Xr  X  b(CL  Sin  0) 


b  b  C jj  nD 
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J  b  (CL  2  eos 


Cp 

CL 


bCr 


A  b  (CL  sin  0) 
b  C- 


w  +  x„  b  (Cp  eos  0) 
rnP  b  Cj) 


Making  the  same  substitution  as  before, 
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b  CL 

Equation  (140)becomes 


sin  0O 
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cos  0O 

(142) 

f  cos  0O 
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Simplifying, 


b  CD  _  ~  2  cos  0o  +  *  x  sin  0O 

*>CL  W/  jrnD  +  xx  cos  0O 


b  CD  _  h  sin  2  0o(f  +  X  ) 
b  CL  1  +  X  cos2  0O 


(144) 
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Case  3;  Fixed  solidity,  variable  CL  and  Cp^. 

Obviously  one  of  the  two  equations  necessary  for  the  solution 
of  this  case  is  that  given  by  Equation  (140),  (144),  or  (145), 
depending  upon  the  accuracy  required.  The  second  equation  may 
be  obtained  by  setting  the  partial  of  A  with  respect  to 
equal  to  zero. 


b  A  rx 
bCr.i  ~  4 


CD  W 
bCLi  nD 


Consequently, 


Therefore,  at  a  fixed  operating  CL  the  design  Cp, mi _  a  one 

that  gives  minimum  drag.  In  other  words,  the  L/D  must  be 
maximum.  Thus,  the  solution  is  defined  by  Equations  (145 )and  (147) 
which  must  be  satisfied  simultaneously.  This  is  most  easily 
accomplished  by  plotting  for  each  station  curves  of  Cp  versus 
Cp  for  lines  of  constant  CLi  for  the  airfoil  with  the  given 
thickness  ratio  and  type  from  the  data  of  Appendix  II,  Volume 
III.  An  envelope  of  this  family  of  curves  may  then  be  drawn 
which  represents  the  minimum  drag  for  any  given  operating  Cp. 
The  operating  Cp  at  each  station  is  then  determined  by  use  of 
Equation  (140),  (144),  or  (145),  in  conjunction  with  the  envel¬ 
ope  curve  of  CD  versus  CL.  The  design  CL  is  obtained  directly 
from  the  CD  versus  Cp  plots. 

It  follows  that  if  the  solidity,  Cp  and  Cpi  are  ail  variable, 
the  solution  is  identical  to  that  of  case  1.  The  Cp^  is  again 
determined  for  maximum  L/D. 

Aerodynamic  Balancing  -  Strip  Analysis 

Strip  analysis  procedures  may  also  be  used  to  set  the  blade 
angle  of  production  propeller  blades  to  obtain  equal  loading 
or  balance.  This  is  done  by  measuring  the  blade  length,  chord 
and  angle  at  each  station  and  then  computing  the  change  in 
blade  angle  setting  required  to  obtain  equal  loading  as  com¬ 
pared  to  a  master  blade  operating  at  the  design  flight  condi¬ 
tion.  This  change  in  blade  angle  is  known  as  the  blade 
balancing  angle  increment  and  may  be  calculated  by  strip 
analysis  procedures,  shown  in  Tables  V  to  VII. 

Experience  has  shown  that  this  procedure  is  very  effective 
for  aerodynamically  balancing  propeller  blades. 


SHORT  OR  SINGLE- POINT  METHODS  OF  ANALYSIS 


When  a  propeller  is  sized  for  a  new  installation,  a  large  amount 
of  data  is  required  to  evaluate  changes  in  performance  due  to 
changes  of  both  propeller  and  aircraft  design  variables.  The 
effects  of  changes  of  the  propeller  diameter,  blade  number, 
blade  camber,  and  solidity  must  be  found  as  well  as  changes  in 
the  operating  conditions  of  the  airplane.  These  data  are  then 
used  for  parametric  analysis  leading  to  the  propeller  selec¬ 
tion. 

The  complete  design  data  necessary  to  find  the  physical  char¬ 
acteristics  of  propellers  required  for  performance  calculation 
needed  for  these  initial  parametric  studies  is  generally  not 
available  because  of  the  interaction  of  the  propeller  and  air¬ 
plane  design  parameters.  Thus,  complete  strip  analysis  cal¬ 
culations  cannot  be  done  without  making  a  number  of  assumptions 
with  regard  to  the  blade  design  variables.  Because  of  this 
lack  of  design  data  and  the  cost  of  complete  strip  calculations, 
single-point  methods  which  permit  the  rapid  calculation  of  per¬ 
formance  based  on  tne  overall,  or  effectively  integrated,  charac¬ 
teristics  of  propellers  have  been  developed.  These  methods  are 
based  on  the  blade  characteristics  at  the  75%  station  and  other 
design  factors  such  as  blade  number  and  diameter.  When  the  pro¬ 
peller  is  operating  m  the  normal  range,  the  accuracy  of  the 
single-point  methods  is  generally  excellent.  Further,  the  time 
required  to  calculate  propel] er  performance  is  small,  thus  making 
it  possible  to  find  the  effects  of  a  large  range  of  parameterss 
for  a  number  of  operating  conditions  without  the  need  of  high¬ 
speed  computers. 

The  single-point  methods  of  analysis  are  also  useful  for 
analyzing  and  applying  propeller  test  data  and  calculating  per¬ 
formance  for  off-design  conditions  where  the  strip  theory  no 
longer  applies.  In  this  way  at  least  an  approximation  can  be 
made  to  find  the  off-design  propeller  performance  using  at 
least  the  gross  effects. 

Single-Point  Method  -  Efficiency  Maps 

There  are  several  single-point  methods  of  analysis  for  finding 
the  performance  of  propellers.  One  of  the  simplest  methods 
depends  on  the  use  of  numerous  efficiency  maps  for  presenting 
>  the  basic  data.  For  instance,  a  series  of  maps  of  advance 
ratio  as  a  function  of  power  coefficient  are  developed  for 
lines  of  constant  efficiency  for  a  series  of  different  pro¬ 
pellers.  To  cover  the  necessary  range,  maps  are  required  for 
a  range  of  blade  number,  activity  factor,  and  design  lift  coef¬ 
ficient.  The  maps  must  be  prepared  for  geometrically  similar 
blades.  However,  the  blade  thickness  ratio  and  blade  angle 
distribution  can  be  adjusted  to  agree  with  the  camber  and 
activity  factor  selected.  Because  of  the  number  and  range  of 


variables  necessary  to  cover  the  range, a  large  number  of  effi¬ 
ciency  maps  are  required  to  obtain  reasonable  accuracy. 


To  calculate  the  efficiency  of  a  propeller  using  the  efficiency 
maps,  it  is  only  necessary  to  calculate  the  standard  power  coef¬ 
ficient  and  advance  ratios  knowing  power,  diameter,  rotational 
speed,  and  density  from  the  equations 
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where  Cp 
hp 
N 
D 
<r 

V 

J 


power  coefficient 
horsepower 

rotational  speed,  rpm 
propeller  diameter,  ft 
density  ratio 
velocity,  fps 
advance  ratio 


The  maps  corresponding  to  the  proper  blade  number  activity 
factor  and  design  lift  coefficient  are  then  entered  at  the 
power  coefficient  and  advance  ratio  found  from  Equations  (135) 
and  (136).  Straight-line  interpolations  are  used  to  correct  for 
values  of  activity  factor  and  design  lift  coefficient  between 
the  efficiency  maps.  Thus,  if  the  efficiency  is  required  for 
a  three-bladed  propeller  with  blades  having  a  design  CL  of  0.5 
and  an  activity  factor  of  130,  the  efficiency  would  be  read  at 
the  0.5  design  Cj,  for  three-bladed  propellers  at  activity  fac¬ 
tors  of  120  and  140, for  instance.  The  desired  efficiency 
would  be  halfway  between  the  values  read  at  120  and  140 
activity  factors. 

Efficiency  maps  can  be  developed  to  account  for  compressi¬ 
bility  losses,  or  factors  can  be  found  to  correct  to  the  basic 
maps.  These  corrections  for  compressibility  should  cover  the 
effects  of  camber  and  thickness  ratio  for  a  wide  range  of  helical 
tip  Mach  number. 

The  main  difficulty  with  the  above  procedure  is  the  large  .lum¬ 
ber  of  basic  charts  required  and  its  lack  of  flexibility. 

Further,  the  source  of  the  efficiency  losses  is  not  described, 
and  thus  it  is  not  known  if  high  induced  or  high  profile  losses 
are  encountered  at  a  given  operating  condition. 

To  eliminate  the  number  of  efficiency  charts  required,  other 
procedures  have  been  formulated  to  develop  corrections  for 
determining  the  effects  of  changes  of  activity  factor  or  design 
lift  coefficient.  These  corrections  are  developed  and  pre¬ 
sented  in  a  number  of  ways,  and  the  accuracy  of  the  procedure 
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is  good  only  within  the  area  for  which  the  corrections  were 
developed.  For  instance,  corrections  for  activity  factor 
developed  for  one  range  of  power  coefficients  may  not  apply  at 
another  range.  For  this  reason  this  procedure  is  not  a  satis¬ 
factory  single-point  method  of  analysis,  and  has  been  elim¬ 
inated  as  a  suitable  method  for  calculating  performance. 

The  large  number  of  efficiency  maps  needed  for  calculating 
performance  by  single-point  methods  can  be  eliminated  by  the 
application  of  propeller  theory.  This  is  done  by  separating 
the  profile  and  induced  losses  as  is  done  in  strip  theory.  By 
calculating  these  losses  separately,  it  is  possible  to  develop 
the  basic  data  that  applies  over  the  entire  range  of  propeller 
design  and  operating  parameters.  The  procedure  also  has  the 
advantage  of  identifying  the  losses  separately,  and  shows  the 
modifications  necessary  to  improve  the  performance. 


Single-Point  Method  Theory  -  VaQ 

The  basic  theory  for  calculating  the  performance  of  propellers 
by  a  single-point  method  depends  on  the  assumption  that  the 
conditions  described  by  the  75%  station  represent  or  describe 
the  conditions  for  the  rest  of  the  propeller.  Thus,  if  the 
propeller  is  operating  at  a  given  blade  loading,  the  oper¬ 
ating  lift  coefficient  at  the  75%  radius  completely  describes 
the  lift/drag  ratio  of  the  blade.  The  lift/drag  ratio  thus 
depends  only  on  the  effective  operating  lift  coefficient  for 
blades  of  a  given  camber  level  and  is  independent  of  the  blade 
solidity  and  operating  condition  at  speeds  below  the  critical 
Mach  number.  Compressibility  correction  can  be  developed  to 
correct  the  lift/drag  ratio  as  a  function  of  the  operating 
Mach  number  and  advance  ratio. 

The  induced  losses  developed  by  a  propeller  are  assumed  to  be 
independent  of  the  blade  lift/ drag  ratio  and  are  dependent  on 
the  total  loading  on  the  blade,  the  blade  number,  and  the 
advance  ratio.  The  induced  efficiency  can  be  developed  as  a 
function  of  blade  number,  total  loading, and  advance  ratio 
from  theory  for  propellers  with  an  optimum  blade  distribution. 
Since  the  propeller  desired  for  a  given  installation  will  be 
operating  near  the  peak  efficiency,  the  optimum  load  distri¬ 
bution  assumption  is  valid. 

The  basis  for  calculating  the  performance  of  propellers  by 
a  single-point  method  of  analysis  as  described  above  is 
developed  from  the  equations  previously  derived  for  strip 
analysis  calculations. 
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Since 


(150) 


Cp  —  2  itCq 

Equation  (46)  becomes 

=  <rCL^-|2.^  |~^  (sin  0  +  tany  cos  0)  (151) 

If  the  drag  is  zero,  tan-*Cp/CL  =  y  is  also  zero  and  Equation 
(153)  becomes 

'CljS)2«^  ««> 

An  integration  of  Equation  152  over  the  blade  radius  gives  the 
induced  power  coefficient. 

The  thrust  coefficient  is  also  calculated  by  integrating  the 
equation 

7E"  =  <rCL|i^)  ~!p(cos  $  “  tany  sin  0)  (153) 

When  the  drag  is  zero.  Equation (153)  becomes  the  equation  for 
the  induced  thrust  coefficient  and  is  equal  to 

_  o-c^fjl]2  cos  0  (154) 

dx  nD  4 


Equations  (153 )  and(155)may  be  integrated  by  assuming  the  pro¬ 
peller  has  the  optimum  load  distribution  as  defined  by  Theo- 
dorsen.  Reference  19,  and  Equation (120) .  The  values  of  the 
induced  power  and  thrust  coefficients,  Cp^  and  Crp^,  found  from 
integration  with  the  corresponding  advance  ratio  give  the 
ideal  efficiency.  Thus, 


vi 


cTi  - 
Cpi  J 


(155) 


For  the  actual  case  where  the  drag  is  greater  than  zero. 
Equations (151 )and (153 )may  be  integrated  for  the  case  of  the 
optimum  load  distribution  with  the  drag  found  at  each  station 
for  the  corresponding  value  of  lift.  Thus,  the  total  power 
and  thrust  coefficients  are  found  and  the  total  efficiency  is 
equal  to 


(156) 


Prom  Equations  (151  )and  (153  ),it  will  be  noted  that  the  thrust 
and  power  coefficients  can  be  broken  into  two  parts:  the 
induced  and  profile  components,  respectively.  Thus, 
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where 


Cp 

Crp 

CP 

C<p 

CPP 

CTp 

r 

0 


cPi  +  CPP 

(157) 

Cipj^  *■  Cwp 
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Cpi(l  +tany  tan  0) 

(159) 

cPi(l  -tany  cot  0) 

(160) 

the  power  coefficient  due  to  profile  drag 
the  thrust  coefficient  due  to  profile  drag 
tan-*'  Cd/Cj, 

the  true  wind  angle  =  (V  +  j)/  rnta 


Since  both  the  induced  and  total  thrust  and  power  coefficients 
can  be  found,  the  profile  component  is  also  easily  determined. 


A  very  useful  expression  for  efficiency  results  from  Equations 
(152),  (153)  and  (156),  thus: 


„  =  g£s/g*  j 
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which  becomes,  on  substitution  of  Equations  (16G)and 
and  reducing, 

tan  0O 

V  s 

tan  (0  +r  ) 
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From  Equations  (161  land  (162  )it  is  also  noted  that  the  induced' 
components  of  the  thrust  and  power  coefficient  are  not  influ¬ 
enced  by  the  profile  drag  or  the  value  of  the  drag/lift  ratio. 
Also,  it  should  be  noted  that  the  induced  power  and  thrust  co¬ 
efficients  are  only  dependent  on  the  total  loading  <r  CL  and 
the  advance  ratio.  For  these  reasons,  the  variation  of  the 
induced  thrust  and  power  coefficients  and  efficiency  can  be 
determined  for  the  optimum  load  distribution  independently  as 
a  function  of  blade  number  and  advance  ratio.  The  variation 
of  the  induced  efficiency  for  propellers  with  2,  3  and  4 
blades,  and  as  a  function  of  advance  ratio  and  power  coeffi¬ 
cient,  is  shown  on  Figures  81,  84  and  87. 

The  lift/drag  ratio  of  any  airfoil  section  depends  only  on  the 
section  type,  camber,  thickness  ratio,  operating  conditions, 
and  the  operating  lift  coefficient.  Thus,  for  a  propeller  of 
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a  given  camber  and  thickness  ratio  at  a  given  condition,  the 
drag/lift  ratio  will  depend  on  the  operating  lift  coefficient 
only.  From  Equation  (151),  it  will  he  noted  that 


=  f(^ 


(164) 


The  activity  factor  cf  a  blade  ia  a  measure  of  the  solidity 
and  is  defined  by  Eouatlon  (166): 

1.0 


Ai-  -  100,000 
15 


kj  Rj 


For  rectangular  blades,  the  ac.-.ivity  factor  equals 


AF  =  1562—  — 
d 


(165) 


(166) 


where 


b  =  the  blade  chord 
D  =  the  propeller  diameter. 


Since  the  solidity  o =  fc3/2  rr  at  any  blade  station,  the  activ¬ 
ity  factor  and  blade  number  term3  may  be  substituted  for  in 
Equation  (153),  which  becomes 

CL=f|||)  (167) 

For  a  blade  with  a  given  camber  and  blade  angle  distribution, 
the  equivalent  drag/lift  ratio  is  a  function  of  Cp/BAF  since 
this  is  a  function  of  the  operating  CL.  Thus,  knowing  the 
variation  of  the  drag/lift  ratio  with  power  coefficient  of  a 
propeller  with  blades  of  a  given  activity  factor,  the  drag/ 
lift  ratio  can  be  found  for  any  other  propeller  with  a  given 
activity  factor  of  the  same  camber  and  blade  angle  distri¬ 
butions.  Thus,  for  a  blade  with  varying  activity  factors  but 
with  a  given  camber  or  design  Cj,  distribution,  the  profile  drag 
characteristics  can  effectively  be  reduced  to  one  line. 

With  the  breakdown  of  the  thrust  and  power  coefficient  equa¬ 
tions  into  their  induced  and  profile  components  as  discussed 
above,  the  elements  are  available  to  formulate  a  single-point 
method  for  calculating  the  performance  of  any  propeller. 

Since  the  total  efficiency  is  a  function  of  the  power  coeffi¬ 
cient,  drag/lift  ratio,  blade  number,  and  advance  ratio  charts 
are  developed  of  efficiency  as  a  function  of  these  variables. 
These  charts  are  found  for  propellers  with  blades  operating 
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at  optimum  load  distribution  and  typical  variations  of  lift/ 
drag  ratio. 


To  develop  the  data  necessary  for  determining  the  profile 
losses,  the  drag/lift  ratio  is  found  as  a  function  of 
400  Cp/BAF  for  variations  of  blade  camber,  which  is  measured 
in  terms  of  the  integrated  design  lift  coefficient  described 
by  Equation  (168): 
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J-*  V 
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(168) 


where  ICLi  =  the  integrated  design  lift  coefficient 

CLi  =  the  blade  section  design  lift  coefficient 
r  =  radius  at  a  blade  station 
R  =  total  blade  radius. 

The  drag/lift  ratio  must  also  be  determined  as  a  function  of 
advance  ratio  and  Mach  number  to  cover  the  complete  range  of 
operation.  If  the  propeller  is  operated  at  tip  :iach  numbers 
below  the  critical,  these  effects  may  be  neglected. 

The  variation  of  drag/lift  coefficient  on  the  blade  is  defined 
by  the  y,  which  is 

-1 

r=  tan  =2  (169 ) 

''L 

To  find  the  variation  of  y  as  a  function  of  the  necessary 
variables,  complete  performance  data  is  used.  These  data  may 
be  determined  from  detailed  strip  analysis  calculations  or 
test  results.  In  either  case,y  is  found  from  the  charts  of 
total  efficiency.  Figures  81  to  89,  knowing  the  efficiency 
and  advance  ratio.  This  was  done  from  strip  analysis  calcu¬ 
lations,  and  results  are  then  presented  as  a  function  of 
400  Cp/BAF  J  for  a  series  of  blade  integrated  design  lift 
coefficients  (see  Figures  78  to  80). 


These  charts  can  be  modified  for  any  blade  configuration  using 
the  same  procedure  and  the  complete  test  or  calculated  data 
available. 
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A  short  single-point  method  for  calculating  the  performance  at 
the  static  condition  can  also  be  developed  based  on  the  pro¬ 
cedures  as  described  for  the  flight  condition.  At  the  static 
condition,  the  total  thrust  and  power  coefficients  can  be  broken 
down  into  the  induced  and  profile  components.  Also,  the  drag/ 
lift  ratio  is  found  as  a  function  of  Cp/BAF  for  propellers 
varying  in  blade  number  and  blade  camber  level.  As  before, 
this  reduces  the  variation  of  y  to  a  single  line  for  a  series 
of  activity  factors  at  a  given  blade  camber  and  blade  number. 
The  profile  losses  can  thus  be  found  independent  of  the  induced 
losses. 

The  induced  losses  can  be  found  as  a  function  of  the  induced 
power  coefficient  using  the  procedure  developed  by  Theodorsen 
for  the  optimum  loading,  as  shown  in  Reference  19. 


cTi  = 

IT 

~  (  <  +  Jjk) 

(170) 

4 

V 

c 

4  .  ,.5 

cpi-  = 

4 

(171) 

where  =  the  induced  thrust  coefficient 

static  condition 

Cpi  =  the  induced  power  coefficient 
static  condition 

«  =  energy  function  @  P  0 

k'  =  contraction  ratio 

k  =  mass  coefficient  @  l*0 

n0  =  r/Wp  =  1/x  ,  helix  angle  in  final  wake 

l  =  tan  of  the  angle  of  wake  spiral. 

For  a  series  of  values  of  /* 0, Equations  (170)  and  (171)  can  be 
solved  using  the  coefficients  of  Reference  19  and  Figures  7 
and  65.  From  Equations  (159)  and  (160),  the  total  thrust  and 
power  coefficients  can  be  found  knowing  the  induced  value  and 
the  drag/lift  ratio.  When  solving  Equations  (166)  and  (167) 
at  the  static  condition,  the  true  wind  angle  0  is  found  at  the 
75%  radius  knowing  nQ  from  the  Equation 


(X72) 


•"  ?3"  4*' 


where  0  75  =  the  wind  angle  at  the  75%  radius  at 
the  propeller  disc. 

Assuming  values  of  the  drag/lift  ratio  at  the  .75  station,  the 
total  thrust  and  power  coefficients  are  calculated  by  modify¬ 
ing  the  induced  coefficients  found  with  Equations (170)  &  (171). 
This  has  been  done  for  2-,  3-  and  4-bladed  propellers  and  is  pre' 
sented  on  Figures  75  to  77  in  the  form  of  Cm/Cp  as  a  function 
of  y  for  lines  of  constant  Cp.  When  Y  -  0,  CT/Cp  corresponds  to 
the  induced  value  and  represents  the  maximum  or  ideal  for  that 
power. 

The  profile  performance  in  terms  of  y  =  tan-*  Cd/Cl,  was  deter¬ 
mined  as  a  function  of  400  Cp/BAF  from  propeller  test  data  by 
using  Figures  81  to  89.  Thus,  with  the  known  values  of 
CT/Cp  and  Cp  from  the  test  data, Y  may  be  read  as  a  function  of 
Cp  from  the  appropriate  figure  based  on  the  blade  number. 

Since  the  operating  C^  is  a  function  of  the  power  coefficient 
over  total  activity  factor,  BAF,  Equation  ( 167),the  data  was 
normalized  by  plotting  the  results  in  the  form  of  400  Cp/BAF 
as  a  function  of  y  and  integrated  design  CL;  see  Figure  74. 


Application  of  the  Single-Point  Method 

The  charts  necessary  to  calculate  the  performance  of  2-,  3- and 
4-bladed  single-rotation  propellers  at  the  static  and  flight 
conditions  are  given  on  Figures  74  to  89.  The  charts  for 
calculating  the  thrust  and  efficiency  are  given  on  Figures  81 
to  89  .  The  profile  performance  is  determined  from  Figure  74 
for  the  static  condition  and  Figures  78  to  80  for  the  flight 
cases.  The  charts  for  finding  the  profile  performance  were 
set  up  for  representative  type  blades  for  use  at  Mach  numbers 
below  the  critical.  Integrated  design  lift  coefficients  from 
0  to  0.5  are  covered. 


Method  -  Static  Condition 

To  calculate  the  performance  at  the  static  condition,  use 
the  following  procedures 


1.  Knowing  hp,  diameter,  D,  density  ratio,  <r ,  and 
rpm,  N,  calculate  Cp: 


„  _  .0005  hi 

Cp - 


305  hp 

r  rr  1 

Iroro)  vs 


(173) 
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2.  Knowing  or  assuming  activity  factor,  AF, 
and  blade  number,  B,  calculate  400  Cp/BAF. 

3.  Knowing  or  assuming  integrated  design  Cj,, 
ICljl , and  400  Cp/BAF,  read  y  ,  tan-1  Cd/Cl, 
Figure  74. 

4.  Knowing  y  ,  Cp,and  B,  read  C^/Cp,  Figures 

75  to  77.  Note  ideal  CT/Cp  read  at  y  =  0. 

5.  Calculate  T: 


T  =  — 1  J2£_  1728  (174) 

Cp  it  nD 


Method  -  Flight  Conditions 


The  efficiency  at  the  flight  condition  is  calculated  by 
the  single-point  method  with  the  following  procedures: 


1.  Knowing  hp,  diameter,  D,  density  ratio, 
and  rpm,  N,  calculate 


Cp  = 


.0005  hp 
N  \3  ;  p  [5 


1000 


1 0 


2.  Knowing  or  assuming  activity  factor,  AF, 
and  blade  number,  B,  calculate  400  Cp/BAF. 


3.  Calculate  advance  ratio  J  =  V/nD. 

4.  Knowing  or  assuming  integrated  design  Ci,, 
ICLi,  400  Cp/BAF  and  advance  ratio,  read  y, 
Figures  78  to  80.  Use  linear  interpol¬ 
ation  to  find  y  at  ICliS'  between  plotted 
values.. 


5.  Knowing/  ,  Cp,  B,  and  J,  read  n ,  Figures  81 
to  89  .  Use  linear  interpolation  to  find  1 
at  values  o£  i  ,  Note  the  ideal  or  induced 
efficiency  is  found  at  /  =  0. 
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Unit  Loading  -  400Cp  /BAF 


Figure  74.  Propeller  Profile  Loss  Chart,  V  =  0. 


i 
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Two-Blade  Propeller 


igure  77.  Propeller  Thrust  to  Power  Coefficient  Ratio,  Static  Condition 
Four  Blades. 


Unit  Loading  -  400C 


Integrated  Design  =  0 


Advance  Ratio  -  J 


Figure  78.  Propeller  Unit  Loading  -  C^i.  =  0. 
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Unit  Loading  -  400C  /BAF 


25 


Integrated  Design  CL  -  . 


g  i :  :  i :: : :  1111 :  t: : 1 1 :  i : :  i : :  umi  lor umm 

0  12  3  4 


Advance  Ratio  -  J 

Figure  79.  Propeller  Unit  Loading  -  CLi  =  .25. 
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Figure  86.  Propeller  Efficiency/ 


Figure  88.  Propeller  Efficiency 
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OFF— DESIGN  AND  FAILURE  CONDITIONS 

When  the  propeller  is  operating  at  conditions  other  than 
normal,  the  blade  sections  are  generally  producing  negative 
lift.  When  this  occurs,  the  propeller  is  producing  negative 
thrust  and  either  is  producing  negative  torque, is  windmilling, 
or  is  absorbing  engine  power (depending  on  the  mode  of  opera¬ 
tion.  Generally  the  propeller  is  intentionally  operated  at 
the  negative  thrust  condition  to  reduce  landing  distances  and 
to  control  the  speed  of  the  airplane.  Under  these  conditions 
this  characteristic  of  the  propeller  is  desirable. 

As  the  propeller  can  be  a  powerful  means  of  generating  nega¬ 
tive  thrust,  it  is  often  used  to  reduce  landing  roll  distances. 
At  touchdown, for  instance, on  a  typical  transport  airplane,  the 
negative  thrust  produced  by  a  propeller  can  be  as  high  as  the 
positive  static  thrust  at  takeoff  power.  This  high  level  of 
negative  thrust  decreases  as  the  speed  decreases  and  reaches 
a  value  of  30  to  40%  of  the  takeoff  thrust  at  the  zero  speed 
condition.  The  propeller  operating  at  negative  blade  angles 
absorbs  up  to  full  engine  power  at  these  conditions. 

At  the  approach  condition,  it  is  desirable  to  have  the  airplane 
operating  at  high  drag  so  that  the  descent  angle  can  be  in¬ 
creased.  For  this  condition  the  propeller  is  generally  set  at 
a  relatively  low  pitch  condition  and  is  operating  at  a  positive 
blade  angle  windmilling  condition.  The  negative  thrust  pro¬ 
duced  by  the  propeller  at  this  condition  is  low,  but  because 
the  blade  angle  is  not  much  below  that  required  for  positive 
thrust,  an  increase  in  power  will  give  positive  thrust  with  a 
small  time  delay.  This  is  important  from  safety  consider¬ 
ations. 

Propellers  have  been  operated  at  negative  blade  angles  for 
developing  high  values  of  negative  thrust  for  producing  high 
rates  of  descent.  For  instance,  it  was  demonstrated  on  a  DC-4 
airplane  that  with  a  level  airplane  and  the  propellers  opera¬ 
ting  at  a  negative  blade  angle,  a  rate  of  descent  of  over 
10,000  feet  per  minute  could  be  obtained  under  full  control. 
The  propellers  operating  at  this  condition  not  only  produce 
large  values  of  negative  thrust  but  also  spoil  the  wing  lift. 
Thus,  if  such  a  system  were  to  be  used, it  would  be  imperative 
to  have  complete  reliability  in  the  pitch  change  mechanism  to 
assure  that  positive  blade  angles  are  available  prior  to  land¬ 
ing  so  that  the  wing  would  have  its  normal  lift.  Although  the 
use  of  propellers  operating  at  negative  blade  angles  is  very 
effective,  the  system  was  never  operational  because  of  safety 
considerations . 

The  use  of  dive  brakes  to  reduce  speed  of  fighter  type  air¬ 
planes  operating  in  a  dive  imposed  severe  weight  penalties. 

To  reduce  the  weight  penalties  of  a  dive  brake  and  also  have 
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a  more  effecV.ive  system,  tests  were  made  of  propellers  oper¬ 
ating  at  the  negative  blade  angle.  These  tests  again  con¬ 
firmed  the  effectiveness  of  the  propeller  operating  at  negative 
blade  angles  for  producing  negative  thrust.  On  one  airplane, 
for  instance,  the  negative  thrust  produced  was  equal  to  the 
weight  of  the  airplane. 

Unfortunately,  the  propeller  operating  at  high  values  of  nega¬ 
tive  thrust  also  produces  a  large  and  high-energy  wake  that 
tends  to  shake  the  airframe.  In  one  case  the  energy  in  the 
propeller  wake  was  so  high  the  horizontal  elevator  was  shaken 
off.  This  high-energy  air  in  the  propeller  wake  and  safety 
considerations  were  sufficient  to  eliminate  any  further  con¬ 
sideration  of  this  dive  brake  concept. 

In  the  case  of  an  engine  failure,  the  propeller  is  feathered  to 
eliminate  the  high  windmilling  drag.  Feathering  is  accom¬ 
plished  by  increasing  the  blade  angle  to  approximately  87 
degrees  at  the  75  percent  blade  radius.  At  this  angle  the 
rotation  is  stopped  and  the  drag  of  this  system  is  a  minimum. 
The  feather  angle  for  zero  torque  varies  somewhat  with  speed, 
so  that  with  turbine  engines  where  rotational  torque  is  low, 
it  may  be  necessary  to  use  a  brake  to  stop  rotation  or  use  a 
control  system  that  varies  the  blade  angle  automatically  to 
prevent  rotation. 


Malfunction  Conditions 


In  the  case  of  failures  of  the  propeller  control  system, large 
values  of  negative  thrust  can  be  developed.  This  is  especi¬ 
ally  true  in  the  case  of  propellers  installed  on  coupled  turbo¬ 
prop  engines.  These  engines  can  absorb  large  values  of 
negative  torque  which  will  result  in  very  high  values  of 
negative  thrust.  The  level  of  negative  thrust  obtained  in¬ 
creases  with  speed. 

When  a  propeller  is  installed  on  a  free-turbine  engine,  the 
problem  of  a  malfunctioning  control  system  is  much  less  severe. 
However,  because  of  low  power  absorption  characteristics  of  this 
engine,  the  malfunctioning  propeller  may  achieve  a  much  higher 
rotational  speed  than  in  the  case  of  the  coupled  engine,  with 
the  potential  of  blade  failure  at  the  higher  speeds. 


Negative  Thrust  Propeller  Calculations 

A  comparison  of  the  positive  and  negative  operating  conditions 
of  a  typical  blade  section  and  the  corresponding  flow  con¬ 
ditions  are  shown  on  Figure  90.  In  comparing  the  modes  of 
operation,  it  is  noted  that  the  torque  produced  by  the  wind¬ 
milling  propeller  increases  with  the  lii  t/drsg  ratio  and  the 
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\  Negative  Thrust,  T 

Positive  Torque 

Propeller  Section  Operating  at  Positive 
Torque  and  Negative  Thrust 


Figure  90.  Force  and  Velocity  Diagrams  for  a  Windmilling 
Propeller. 


wind  angle.  At  a  given  operating  condition,  it  is  possible  for 
the  blade  to  be  operating  in  both  the  windmilling  state  and 
the  positive  torque  condition  while  producing  negative  thrust. 

The  actual  torque  of  the  propeller  operating  at  this  condition 
then  depends  on  the  integrated  value  of  torque  along  the  blade. 

If  the  advance  ratio  of  the  propeller  becomes  nec-tive  or  the 
combination  of  the  advance  and  induced  veloci’y  is  negative, 
the  propeller  can  enter  the  vortex  ring  state.  The  propeller 
flow  diagram  for  this  condition  is  shown  on  Figure  31. 

The  vortex  ring  state,  generally  very  unstable, will  occur  in 
the  descent  condition. 

When  a  propeller  is  operating  at  the  negative  thrust  condition, 
the  blade  load  distribution  is  far  from  the  optimum.  In  cer¬ 
tain  cases  the  load  distribution  on  the  blade  may  be  both 
positive  and  negative,  with  the  total  being  negative.  This 
type  of  load  distribution  will  produce  a  nonrigid  vortex 
system  which  has  not  been  solved,  and  so  it  is  not  possible 
to  find  the  induced  velocity  at  each  blade  station.  For  this 
reason,  strip  analysis  procedures  are  not  useful  for  analysing 
propellers  operating  at  negative  thrust  conditions. 

To  find  the  performance  of  propellers  operating  at  the  nega¬ 
tive  thrust  condition,  it  is  therefore  necessary  to  depend  on 
test  data  and  single-point  techniques  for  converting  the  test 
data  to  the  desired  propeller.  There  is  a  considerable  amount 
of  test  data  on  propellers  operating  at  the  negative  thrust  and 
positive  advance  ratio  conditions;  References  40  to  43. 

These  data  can  be  used  to  estimate  the  negative  thrust  with 
sufficient  accuracy  for  most  practical  purposes,  as  the  accur¬ 
acy  requirements  are  not  as  critical  as  in  the  normal  flight 
conditions. 

When  using  test  data  to  find  the  performance  of  a  given  pro¬ 
peller  operating  at  the  negative  thrust  flight  condition,  the 
thrust  and  power  coefficients  are  read  directly  from  the  test 
data  knowing  the  advance  ratio,  blade  angle,  and  blade  number. 

If  possible,  the  test  data  used  for  analysis  should  have  been 
run  for  blades  geometrically  similar  to  the  blade  being  ana¬ 
lyzed.  That  is  the  blade  chord,  angle,  and  thickness  ratio,  and 
design  Cl  distribution  should  be  identical.  Since  this  is  un¬ 
likely,  the  data  must  be  corrected  to  apply  for  the  blade  being 
considered. 

One  of  the  most  complete  sets  of  propeller  negative  thrust  data 
was  that  of  Reference  43;  it  covers  tests  of  three-  and  four- 
bladed  single-rotation  propellers  as  well  as  tests  of  four-,  six- 
and  eight-bladed  dual-rotation  propellers.  The  tests  reporte'd 
m  Reference  43  were  run  with  blades  using  Clark  Y  sections 
of  activity  factor  equal  to  90  and  135.  These  blades  were 
designated  as  the  narrow  and  wide  blades  respectively.  The 
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tests  covered  the  negative  thrust  conditions  at  blade  angles 
from  25  degrees  to  125  degrees. 

The  data  of  References  41  through  43  can  be  used  ta  determine 
the  performance  of  propellers  at  off-design  conditions  with 
sufficient  accuracy  for  most  purposes.  If,  however,  the  pro¬ 
peller  is  to  be  used  to  produce  negative  thrust  during  approach 
or  landing,  the  method  will  not  have  sufficient  accuracy  to 
properly  set  any  blade  angle  stops.  In  this  case  it  will  be 
necessary  to  use  model  or  flight  test  data  to  obtain  the  desired 
information. 

To  determine  the  characteristics  of  a  new  specified  propeller 
at  the  negative  thrust/positive  advance  ratio  operating  con¬ 
ditions,  the  following'  single-point  procedures  may  be  used. 

Given : 

Activity  Factor  AF,  blade  number  B,  advance  ratio  J,  alti¬ 
tude  and  blade  angle  at  75%  radius  station  P  s.  The  sub¬ 
script  s  refers  to  the  specified  propeller  and  t  refers  to  the 
propeller  test  data 

Find: 

Ts  and  H.P.g 
Procedure : 

1.  From  two-dimensional  airfoil  data  for  the  proper  sec¬ 
tion  at  75%  radius,  find  the  angle  of  attach  at  zero  lift 

for  both  the  test  and  specified  props. 

2.  Correct  #s  to  @t,  ^t  =  ^s  +  °t  -  “os’ 

3.  If  AFS  is  between  the  higher  and  lower  blade  test, 
read  Ort  and  Cpt  for  both  values  of  AFt  and  linearly  inter¬ 
polate  to  find  Ojs  and  Cps. 

4.  If  AFS  is  above  or  below  AFt, read  Cts  and  Cpt  at  AFt 
close  to  AFS. 

5 .  From  item  4,  correct  CTt  and  Cpt  to  Cts  and  Cps  by 
multiplying  by  the  factor  AFs/AFt. 

6.  Knowing  rpra,  diameter,  and  density  ratio,  calculate 
Ts  or  H.P.S  from  CTs  or  Cps, steps  3  or  4. 

Find  blade  angle  required  to  absorb  the  power: 

1.  Calculate  Cps  knowing  diameter,  power,  density 


204 


2.  Find  Cp£  —  Cpg  AF^/AFg. 

3 .  Knowing  advance  ratio  and  Cpt  ,  read  • 

4.  Read  angle  of  zero  lift  oos  &  aot  as  in  step  1, 
case  1. 

5.  Find  £s  =  *t  +  “os  -  0  ot  • 


Feathered  Propeller  Performance 

When  an  engine  fails,  the  propeller  will  generate  large  values 
of  negative  thrust  due  to  windmilling,  especially  if  connected 
to  a  coupled  turboprop  engine.  On  multiengine  aircraft  this 
will  cause  large  aircraft  trim  changes  unless  the  propeller  is 
promptly  feathered.  Even  if  large  trim  change  were  not  ob¬ 
tained,  it  is  desirable  to  feather  the  propeller  to  eliminate 
propeller  and  engine  rotation  and  prevent  possible  further 
engine  damage.  Also,  the  feathered  propeller  has  much  less  drag 
than  either  a  locked  or  rotating  propeller,  so  that  the  power 
required  for  flight  is  much  reduced. 

When  the  propeller  is  operating  at  blade  angles  near  feather, 
part  of  the  blade  will  be  at  a  positive  lift  and  part  at  nega¬ 
tive  lift.  This  lift  distribution  is  tar  from  the  ideal  case, 
so  that  the  usual  wing  theory  does  not  give  satisfactory  re¬ 
sults  for  determining  the  induced  angle  of  attack.  For  this 
reason,  the  strip  theory  does  not  yield  satisfactory  results 
when  the  propeller  is  operating  near  the  feather  condition, 
and  it  will  be  necessary  to  use  test  data  to  find  che  per¬ 
formance  at  this  condition. 

There  is  no  available  published  data  to  determine  the  torque 
and  thrust  characteristics  of  a  propeller  at  zero  rotation  and 
blade  angles  near  feather.  The  only  data  available  for  finding 
the  thrust  and  torque  are  unpublished  data  by  NACA  which  was 
run  in  the  16-foot  high-speed  tunnel  and  data  run  for  the  Air 
Force  in  conjunction  with  the  Douglas  C-124B  program.  These 
data  are  presented  on  Figure  92  in  terms  of  the  thrust  and 
torque  coefficients  Qc  and  Tc  for  a  range  of  blade  angles  at 
the  75%  radius  of  70  to  125  degrees.  The  coefficients  Qc  and 
Tc  are  used,  as  the  rotational  speed  is  zero,  and  are  defined 
as  follows: 


(175) 


Oc 


Tv^d3’ 


n 

Ac  = 


T 

P  V2D2 


_T _ 

2qD2 


(176) 


where  Q 
p 
V 
D 
T 

q 


propeller  torque 
density  ratio,  slugs/cu  ft 
free- stream  velocity,  ft/sec 
propeller  diameter,  ft 
thrust,  lb 
dynamic  pressure. 


The  data  presented  on  Figure  92  are  for  three-bladed  propel¬ 
lers  having  blades  with  activity  factors  of  132  and  182.  The 
integrated  design  lift  coefficient  of  the  blades  is  .373  and 
.178  respectively.  These  data  can  be  used  to  estimate  the 
characteristics  of  other  propellers  operating  at  blade  angles 
near  feather  by  correcting  the  data  for  total  solidity.  Thus, 
using  the  subscripts  t and  s  to  denote  the  test  and  specified 
propellers  respectively,  the  thrust  and  torque  coefficients 
for  a  new  specified  propeller  would  be  found  from  the  equations 


Qcs  =  Qct 

BtAFt 

(177) 

Tcs  =  Tct 

BSAFS 

BtAFt 

(178) 

The  test  data  corresponding  the  closest  to  the  specified  blade 
should  be  used  in  estimating  the  performance  of  the  specified 
blade . 

Xf  more  precise  data  is  required  than  can  be  estimated  from 
the  above,  it  will  be  necessary  to  run  wind  tunnel  tests  with 
the  actual  or  model  propellers. 


Feather  Blade  Angle 

On  reciprocating  engines,  a  feather  blade  angle  could  be  chosen 
so  that  no  rotation  would  be  encountered,  as  the  breakaway 
torque  of  the  engine  was  sufficient  to  lock  the  engine  and 
prevent  rotation.  On  free-turbine  installations,  the  engine 
torque  resisting  rotation  is  low  so  that  the  propeller  will 
tend  to  rotate  at  low  speeds  at  certain  flight  conditions.  To 
prevent  this  rotation,  a  propeller  brake  may  be  used,  or  the  pro¬ 
peller  can  be  equipped  with  a  sensing  system  that  changes 


blade  angle  to  seek  zero  rotation.  The  data  given  on  Fig¬ 
ure  92  and  the  correction  of  Equations  (177)  and  (178)  should 
be  of  sufficient  accuracy  to  allow  the  design  of  either  system. 


Vortex  Rina  State 

When  VTOL  airplanes  and  helicopters  descend  vertically  with 
the  propellers  or  rotors  developing  thrust,  an  unstable  oper¬ 
ating  condition  known  as  the  vortex  ring  state  is  encountered. 
This  condition  will  be  found  when  the  induced  velocity  pro¬ 
duced  is  of  the  same  order  of  magnitude  as  the  descent  vel¬ 
ocity.  The  flow  produced  by  the  propeller  or  rotor  operating 
in  the  vortex  ring  state  is  highly  unstable  and  oscillatory  in 
nature.  The  lift  produced  by  the  propeller  actually  decreases 
when  operating  at  this  condition  even  with  increasing  power 
and  descent  velocity  (Reference  44}. 

Smoke  pictures  taken  of  a  prope] ier  operating  in  the  vortex 
ring  state  shoved  the  propeller  generates  a  large  "donut"  of 
air  in  its  plane.  After  a  short  period  of  time,  this  "donut" 
is  shed  from  the  propeller, after  which  another  "donut"  is 
formed.  The  period  between  the  initial  formation  of  the 
"donuts"  is  from  3  to  5  seconds  and  depends  on  the  loading. 
This  type  of  operation  is  extremely  unstable  and  must  be 
avoided  with  VTOL  aircraft  and  helicopters. 

Sufficient  testing  of  propellers  and  helicopter  rotors  has 
been  accomplished  so  that  the  conditions  at  which  the  vortex 
ring  state  are  encountered  can  be  identified.  The  region  of 
operation  where  the  vortex  ring  state  is  encountered  is  shown 
on  Figure  93  and  is  a  function  of  the  rate  of  descent  and 
disc  loading.  When  the  parameter  Jy/C-r^  is  between  -.2  and 
approximately  -1.5,  the  rotor  will  be  operating  in  the  vortex 
ring  state.  Above  Jv/CT^  of  -1.5,  the  windmill  brake  state  of 
operation  is  encountered  and  the  flow  is  again  stable. 

The  parameter  Jv/Gp**  can  be  written  in  terms  of  the  disc 
loading  or 


Jy  _ 
cT*j  ~ 


(179) 


Note  the  advance  ratio  Jy  and  the  velocity  Vy  are  positive 
when  opposite  to  the  thrust. 


The  limit  or  start  of  the  vortex  ring  state  can  be  plotted  in 
terms  of  the  rate  of  descent,  Figure  94,  and  shows  that  if  high 
vertical  rates  are  required,  the  disc  locding  should  be  higher 
than  used  with  normal  helicopters. 
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Figure  93. 


Vortex  Ring  and  Windmill  BraHe 
State  -  Propellers  and  Rotors. 


Figure  94.  Rate  of  Descent  for  a  Propeller  for  Start 
of  Vortex  Ring  State. 


Performance  at  She ft  Angles  Above  Zero 

Propellers  installed  on  conventional  aircraft  seldom  operate 
at  shaft  angles  in  excess  of  20  degrees.  Although  the  forces 
and  moments  produced  by  the  propeller  at  these  conditions  are 
important,  especially  in  terms  of  aircraft  stability  and  the 
blade  structure,  precise  information  was  not  required  until 
the  advent  of  VTOL  airplanes.  In  the  case  of  tilt-wing  or 
tilt- propeller  VTOL  airplanes, propeller  operation  is  en¬ 
countered  at  angles  up  to  95  to  100  degrees.  At  these  high 
angles  of  attacv  all  the  forces  and  moments  developed  are  of 
primary  import  to  find  the  performance,  stability,  and 
control  of  the  airplane.  See  Reference  45  for  test  data. 

The  force  and  moment  produced  by  a  propeller  operating  at  a 
shaft  angle  of  attack  above  zero  degrees  are  shown  on  Figure 
95  .  It  will  be  noted  from  this  figure  that  in  addition  to 
the  thrust  force  and  torque,  an  in-plane  force,  a  normal  force, 
and  a  pitch  and  yawing  moment  are  obtained.  The  normal  force 
and  moment  produced  by  the  propeller  become  significant  at  the 
higher  shaft  angles  and  must  be  accurately  evaluated. 

When  the  propeller  is  operating  at  a  shaft  angle  of  attack  with 
respect  to  the  free -stream  velocity  vector,  the  flow  into  the 
disc  is  not  symmetrical  and  the  blade  angle  is  effectively 
increasing  and  decreasing  as  the  blade  rotates.  This  causes 
an  increase  and  dacrease  in  the  resulting  blade  force  which 
may  be  resolved  into  the  force  and  moment  coefficients  shown 
on  Figure  96  .  The  side  'orce  and  moments  generated  are  be¬ 
lieved  to  be  produced  due  to  the  lag  of  the  blade  forces  with 
changes  in  angle  of  attack. 

Although  thrust  and  the  normal  forces  on  each  blade  increase 
and  decrease  once  during  each  revolution,  the  total  forces 
remain  nearly  constant  at  a  given  flight  condition  for  pro¬ 
pellers  with  three  or  more  blades.  The  forces  produced  by  a 
two-bladedpropeller  become  periodic,  increasing  and  decreasing 
for  each  revolution. 

The  propeller  thrust  and  normal  forces  produced  when  operating 
at  a  shaft  angle  of  attack  can  be  reduced  to  coefficients 
similar  to  the  lift  and  drag  coefficients  of  a  wing  instead  of 
the  usual  propeller  thrust  and  normal  force  coefficients. 

These  coefficients  become 

_ T  sin  A±N  cos  A 


n  _  T  cos  A  -  N  sin  A 

C*p - q-s; - 


where 


T  =  shaft  thrust 
N  =  normal  force 
q  =  dynamic  pressure  =  ^  p  v| 

Ap  =  disc  area 
A  =  shaft  angle  of  attack. 

When  the  combined  coefficients  are  plotted  as  a  function  of 
angle  of  attack  at  a  fixed  power  coefficient  and  advance  ratio, 
the  results  resemble  that  of  an  airfoil,  Figure  96.  From 
Figure  96  it  is  noted  that  C^p  is  a  straight  line  up  to  very 
high  angles  of  attack,  without  encountering  a  sharp  f or^e 
break.  The  axial  force  coefficient  remains  positive  with 
changes  of  angle  of  attack. 


Method  of  Calculation  -  Shaft  Angle  =»  0 

Strip  analysis  methods  and  data  may  again  be  used  to  calculate 
the  forces  and  moments  produced  by  a  propeller  operating  at  a 
shaft  angle  of  attack  above  zero.  At  this  condition  the 
forces  and  moments  must  be  integrated  as  a  function  of  blade 
azimuth  position  as  well  as  blade  station  due  to  the  variation 
of  the  effective  blade  angle  with  rotation. 

Consider  a  propeller  operating  at  a  shaft  angle  of  attack  A. 
The  free-stream  velocity  is  V0,  the  rotational  velocity  at  any 
blade  station  x  is  n-nDx,  and  the  blade  angle  relative  to  the 
disc  is  constant.  When  the  blade  is  ar.  the  vertical  position, 
the  azimuth  angle  S'  is  0  or  360  degrees.  As  the  blade  rotates, 
the  angle  a 'is  90  degrees  at  the  horizontal  position  on  the 
down  stroke  and  270  degrees  on  the  up  stroke.  From  Figure  97, 
it  will  be  noted  that  the  apparent  resultant  velocity  at  a 
given  blade  station  WQ  increases  to  a  maximum  at  90  degrees 
and  decreases  to  a  minimum  at  270  degrees.  The  section  angle 
of  attack  has  the  same  variation  as  the  blade  rotates  through 
the  angle  5  from  0  to  360  degrees. 

The  lift  and  drag  of  each  blade  section  with  the  corresponding 
thrust  and  torque  vary  in  the  same  manner  as  the  resultant 
velocity  and  angle  of  attack  as  the  propeller  rotates.  Thus, 
to  find  the  total  forces  and  moments,  the  section  lift  and 
drag  forces  must  be  integrated  over  a  complete  revolution. 

Since  the  thrust  and  torque  forces  and  moments  lie  in  the  plane 
of  the  propeller  disc, Equations  (46) and  (50)  developed  for  the 
zero  angle  case  may  be  used  to  find  dCQ  and  dCT  at  a..y  blade 
positions'.  To  use  these  equations  for  the  case  where  the 
propeller  shaft  angle  is  other  than  zero,  it  is  necessary  to 
establish  an  effective  free-stream  velocity  and  advance  ratio. 
The  effective  velocity  and  advance  ratio  vary  with  blade 
position  S '  and  are  used  in  place  of  the  actual  free-stream 
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velocity  and  advance  ratio  in  Equations  (46)  and  (50). 

To  find  the  lift  ano  drag  forces  at  a  blade  station,  the  appar¬ 
ent  velocity  component  normal  to  the  blade  centerline  must  be 
known.  This  velocity  is  made  up  of  the  rotational  component, 
the  free-stream  velocity  component  normal  to  the  blade  center- 
line,  and  the  induced  component.  At  the  blade  position  s'  equal 
to  0  degrees,  the  effective  velocity  is  equal  to 

Ve  =  VQ  cos  A  (182) 

where  s'=  90  degrees 

Ve  =  VQ  (183) 

At  all  other  blade  positions,  the  effective  velocity  is  found 
from  the  equation 

Ve  =  V0  \l cos2A  +  sin2A.  sin2  a'  (184) 

The  corresponding  effective  advance  ratio  is 


JQ  -  . 

r  ve 

(185) 

vnD  +  V0  sin  A  sin  s' 

and 

tan  0O  =  - 

ve 

(186) 

irnOi<  +  VQ  sin  A  sin  s' 

where  Je  =  the  effective  advance  ratio 

V0  =  the  free-stream  velocity  -  ft/sec 
A  =  shaft  angle  of  attack  -  deg 
=  blade  azimuth  position 

x  =  fractional  radius 

n  =  rotational  speed  -  rps 

D  =  diameter  -  ft 

The  true  wind  angle  at  any  blade  position  is  equal  to 

0  =  tan-1  - ? - /  (187) 

vnDx  +  V0  sin  A  sin  6 

where  w/2  =  the  induced  velocity  at  the  blade  position. 


216 


It  will  also  be  noted  from  Figure  97  that  the  apparent  wind 
velocity  W  at  any  station  is 

W=  ZS-^^f-2Sin0  (188) 

Unlike  the  zero  shaft  angle  case  where  the  propeller  can  be 
considered  to  have  a  rigid  wake,  the  strength  of  the  shed  vor¬ 
tices  is  continuously  increasing  and  decreasing  as  the  blade 
rotates.  For  this  reason,  the  induced  velocity  is  not  the 
same  as  would  be  calculated  using  Je, assuming  steady-state 
conditions.  Also,  as  the  propeller  is  producing  a  lift  force 
normal  to  the  free  stream,  the  vortices  will  no  longer  be 
parallel  to  the  shaft  as  a  result  of  the  downwash  velocity. 


Although  there  is  no  solution  available  for  calculating  the 
induced  velocity  for  the  case  when  the  shaft  angle  is  greater 
than  zero,  engineering  approximations  are  available  that  give 
satisfactory  results  at  angles  up  to  approximately  50  degrees. 
From  Figure  97,  it  will  be  noted  that  the  average  angle  of 
attack  and  apparent  velocity  are  approximately  equal  to  those 
at  S  =  0  and  180  degrees.  Since  the  induced  velocity  is  made 
up  of  the  effects  of  all  the  conditions  in  the  wake  from  the 
propeller  disc  to  infinity,  to  the  first  approximation  the 
induced  velocity  at  any  blade  position  should  be  based  on  the 
average  conditions.  With  this  approximation,  the  induced  vel¬ 
ocity  is  calculated  at  the  effective  advance  ratio  at  s'  =  0 
degrees  using  the  equation 


Je  @  6 '=  0  = 


VQ  COS  A 
nD 


(189) 


The  induced  velocity  is  found  at  the  advance  ratio  noted 
above  using  the  same  procedure  outlined  for  the  case  where 
A  =  0. 


At  each  blade  station  and  blade  position,  the  differential 
thrust  and  torque  coefficients  are  thus  found  from  the 
equations 


CB  = 


+  f?nL  ax  d  S 

tan  0 


(190) 


2*  1 


0  0 


-2^-(cot  0  -  tanr  )  dx  aj' 
x 


(191) 
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When  the  propeller  is  operating  at  a  shaft  angle  of  attack, it 
is  noted  from  Figure  97  that  the  lift  increases  over  the  aver¬ 
age  at  7'=  0  and  180  degrees  on  the  down-going  blade.  Alsous 
the  blade  returns  to  the  vertical  position,  the  lift  decreases. 
Thus  the  total  force  on  one  side  of  the  disc  is  greater  than 
the  other  and  a  yaw  moment  is  produced.  At  high  angles,  this 
moment  can  be  high  and  must  be  considered  in  control  analysis 
of  any  airplane. 


This  moment  can  be  found  from  the  Equation  (192), which  is  derived 
in  the  same  manner  as  Equations (190) and  (191). 


2 r  l 


CY  = 


CY  = 


trCi,z(cot  0  -  tanr  )dx  di 


JQ  J0 
V 

/»n2c5 


(192) 


(193) 


Also  from  Figure  97,  it  will  be  noted  that  the  excessive  lift 
produced  by  the  down-going  blade  adds  to  the  like  decrement  of 
lift  of  the  up-going  blade  to  give  the  normal  force  in  the 
plane  of  the  propeller.  This  force  may  be  found  from  Equa¬ 
tion  (194),  which  is  derived  in  the  same  manner  as  Equation  (189). 


CN  = 


+  tanr 
tan  0 


dx  dS* 


(194) 


where 


m 


N 


(195) 


Both  Equations  (194 )and  (195 )are  solved  in  the  same  manner  as 
the  thrust  and  torque  equations  for  the  case  where  the  shaft 
angle  is  at  an  angle  of  attack  A.  That  is,  at  each  blade  posi¬ 
tion,  the  effective  advance  ratio  Je  is  found  for  calculating 
Z  and  the  inflow  velocity  is  determined  at  Je  at  =  0. 


In  addition  to  the  thrust,  torque,  normal  force,  and  the  yawing 
moment,  the  propeller  produces  a  side  force  and  a  pitch-up 
moment  when  operating  at  an  angle  of  attack.  The  pitch-up 
moment  is  caused  by  the  induced  up-wash  velocity  in  the  pro¬ 
peller  plane.  This  moment  and  force  are  small  at  A  angles 
below  30  degrees.  At  angles  above  this,  the  moment  must  be  de¬ 
termined  by  either  test  or  procedures  developed  for  heli¬ 
copters  . 
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ACCURACY  OF  ANALYSIS  METHODS 

The  methods  and  data  presented  for  calculating  the  performance 
of  propellers  are  based  on  a  combination  of  theoretical  and  em¬ 
pirical  data  arranged  so  that  the  performance  can  be  calcu¬ 
lated  for  any  propeller  operating  at  any  flight  condition. 

The  methods  and  data  are  valuable  to  the  designer  only  if  the 
results  are  of  sufficient  accuracy  to  allow  for  the  selection 
of  the  optimum  propeller  for  a  given  airplane.  With  accurate 
drag  predictions  of  the  airplane,  either  from  wind  tunnel  data 
or  standard  prediction  techniques,  the  propeller  performance 
data  must  be  of  sufficient  accuracy  to  predict  airplane  per¬ 
formance  within  the  guarantee  limits. 

The  direct  measurement  of  the  performance  of  propellers  on  an 
airplane  is  complicated  by  the  difficulty  of  measuring  thrust, 
power,  and  the  proper  free-stream  velocity.  Difficulty  is  also 
encountered  in  accurately  determining  the  velocity  distri¬ 
bution  in  the  plane  of  the  propeller  disc.  Since  the  velocity 
at  which  the  blade  sections  are  operating  is  not  exactly  known, 
the  results  cannot  be  compared  accurately  with  the  calculated 
performance  results.  Thus,  direct  propeller  testing  on  air¬ 
craft  is  not  used  for  assessing  propeller  performance. 

To  determine  the  accuracy  of  propeller  performance  calculations, 
comparisons  are  made  with  wind  tunnel  test  data.  The  per¬ 
formance  of  the  propellers  tested  is  calculated  for  the  same 
set  of  operating  conditions  as  were  tested, and  the  results  are 
compared. 

The  performance  was  calculated  using  the  method  and  data  of 
the  vortex  theory  of  strip  analysis  and  the  two-dimensional 
airfoil  data  presented  in  Appendix  II,  Volume  III.  The  wind 
tunnel  data  used  for  the  evaluation  is  presented  in  References 
46  to  52.  The  test  data  used  for  the  comparisons  were  run  in 
the  8-foot  and  16-foot  high-speed  Langley  wind  tunnels  during 
the  period  of  1945  to  1950.  The  test  data  was  run  with  two- 
bladed  4-foot-  and  10-foot-diameter  propellers  with  blades  vary¬ 
ing  in  thickness  ratio,  integrated  design  lift  coefficient,  and 
solidity.  The  design  lift  coefficients  varied  from  zero  to  .5, 
and  the  thickness  ratios  varied  from  .03  to  .12  at  the  75% 
blade  station. 

The  system  for  identifying  the  blades  tested  and  their  charac¬ 
teristics  is  illustrated  by  the  following  example.  Blade  No. 
10-3-08-03  is  10 feetin diameter,  has  a  design  Cj,  of  .3,  a  thick¬ 
ness  ratio  of  .08,  and  a  solidity  of  .03,  all  at  the  75%  blade 
station.  This  system  is  very  useful  for  identifying  the 
blades  tested. 

The  blades  were  tested  at  forward  Mach  numbers  from  .3  to  .925. 
Several  of  the  blades  were  tested  in  both  the  8-foot  and 
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16-foot  high-speed  wind  tunnels,  and  the  results  were  identical 
for  blades  of  the  same  geometric  design.  The  effects  of  wind 
tunnel  walls  on  the  results  are  also  considered  to  be  minimal. 
As  the  tests  of  the  4-foot-diameter  propeller  agree  with  the 
results  of  the  10-foot-diameter  propeller,  the  data  reported  for 
both  diameters  is  considered  to  be  representative  of  full-scale 
results. 

References  46  to  51  present  force  test  and  section  thrust 
coefficient  test  data  over  the  range  of  operating  conditions. 
Thus,  systematic  propeller  tests  showing  the  variation  of  blade 
leading  with  blade  station  are  available  for  evaluating  the 
accuracy  of  the  calculated  results.  On  Figures  98  to  107, 
the  thrust  loading  as  measured  is  compared  with  the  value  as 
calculated  using  strip  analysis  procedures.  From  Figures  98 
to  106,  it  will  be  noted  that  the  load  distribution  as  calcu¬ 
lated  by  strip  analysis  corresponds  closely  to  that  measured 
at  Mach  numbers  from  .35  to  .6.  It  will  be  noted  that  the 
correlation  of  the  efficiency  as  calculated  and  measured  at 
these  conditions  is  also  good.  As  the  Mach  number  is  increased 
above  0.6,  the  correlation  between  the  test  and  calculated 
values  is  generally  quite  good,  although  the  accuracy  is  poorer 
than  at  the  lower  speed  operating  conditions.  The  shape  of  the 
curves  is,  in  general,  the  same  as  the  shape  measured  in  the  wind 
tunnel  with  the  exception  of  a  few  stations  where  there  may 
have  been  some  difficulty  with  the  pressure  measurement  devi¬ 
ations.  At  forward  Mach  numbers  of  .8  and  .925,  the  accuracy 
o  the  results  further  deteriorates.  However,  the  overall 
s  lape  of  the  curves  seems  to  be  nearly  the  same. 

On  Figure  108,  the  variation  of  propeller  efficiency  with  ad¬ 
vance  ratio  is  shown  for  test  and  calculated  results.  It  will 
be  noted  that  the  accuracy  of  the  data  is  within  1%  over  a 
large  portion  of  the  range  of  operation.  At  very  high  loadings 
corresponding  to  the  advance  ratio  conditions,  the  deviation  in 
performance  is  as  high  as  754.  This  change  in  performance  could 
be  caused  by  optimistic  drag  values  at  the  higher  lift  coef¬ 
ficient. 

On  Figures  109  to  119,  the  results  are  shown  of  the  comparison 
of  the  test  and  calculated  performance  for  the  10- (3 ) (05)-045 
and  the  10-(3)  (12 ) —03  blades.  The  comparison  is  given  as  a 
function  of  power  coefficient  and  advance  ratio  at  either  a 
fixed  rotational  speed  or  a  fixed  Mach  number. 

For  the  10-(3)  (05)-(045)  blade,  the  calculated  performance 
agrees  closely  at  all  advance  ratios  above  1.0,  with  the  test 
data  including  those  conditions  up  to  forward  Mach  number  of 
0.603.  At  a  forward  Mach  number  of  0.65,  the  calculated  data 
is  4%  higher  than  test.  At  this  condition  the  tip  Mach  number 
equals  1.13,  and  it  is  possible  that  the  losses  due  to  compres¬ 
sibility  are  higher  than  calculated. 
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Figure  98.  Comparison  of  Test  and  Calculated  Propeller  Loading/  M  -  .35. 
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Figure  99.  Comparison  of  Test  and  Calculated  Propeller  Loading 


ImmmmmmmmmmzZmmMmmj 

sssssssassspsa 

1SS88B8SS  £■!!!■■■! 


BSS888Sg88SB8§a 

m*i 
iHBj 
IBB 

|B» 

■■■1 

mwwwwwwwwwwummKWwmm 

■■■■■■■■■■■■■■■■■ 


Figure  105.  Comparison  of  Test  and  Calculated  Propeller  Loading 


Figure  106.  Comparison  of  Test  and  Calculated  Propeller  Loading 


Figure  107.  Comparison  of  Test  and  Calculated  Propeller  Loading,  M=,925 
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Figure  108.  Comparison  of  Test  and  Calculated  Efficiency. 
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Comparison  of  Propeller  Wind  Tunnel 
Test  and  Calculated  Performance. 
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Figure  110 


Comparison  of  Propeller  Wind  'funnel 
Test  and  Calculated  Performance. 
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Figure  114.  Comparison  of  Propeller  Wind  Tunnel 
Test  and  Calculated  Performance. 
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Figure  118 


Comparison  of  Propeller  Wind  Tunnel 
Test  and  Calculated  Performance . 


Two -Blade  Propeller  With 
NACA  10-(3) (12)-03  Blades 
rpm  =  1140 


Figure  119 


Comparison  of  Propeller  Wind  Tunnel 
Test  and  Calculated  Performance  . 
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At  1600  propeller  rpm,  the  correlation  is  good  at  J  =  .8,  being 
generally  within  1  2°  in  efficiency.  At  2160  rpm,  the  calculated 
efficiency  is  as  much  as  4%  below  the  measured  value.  The  tip 
Mach  number  at  this  condition  also  approaches  1.0, indicating 
that  in  this  case  the  compressibility  losses  are  overestimated. 
As  the  blades  are  operating  at  different  lift  coefficients  at 
these  two  conditions,  it  is  possible  that  a  correction  to  the 
airfoil  data  could  be  made  to  improve  the  accuracy  at  both 
conditions. 

The  results  of  similar  comparisons  of  test  and  calculated  per¬ 
formance  for  the  10— (3 ) (12) —03  blade  are  shown  on  Figures  115 
to  H9 .  With  this  thick  low-camber  blade,  the  results  of  the 
comparison  are  much  poorer  than  the  other  blades  examined.  For 
instance,  at  propeller  rpm's  of  1140-1350,  the  calculated  effi¬ 
ciency  is  4  to  5%  higher  than  test  values,  especially  at  low 
values  of  power  coefficients.  At  the  test  rpm  of  1600,  good 
agreement  is  obtained  for  the  advance  ratios  of  1.0  and  1.5; 
whereas  at  J  =  2.0,  the  correlation  is  poor,  the  calculated 
efficiency  being  8  to  7%  higher  than  that  measured. 

At  the  condition  of  1600  rpm,  the  tip  Mach  number  is  actually 
the  lowest  at  J  =  2.  Therefore,  it  would  appear  that  the 
reason  for  poor  correlation  is  not  compressibility  effects. 

In  this  particular  case,  the  correlation  of  the  test  data 
appears  to  be  poor,  and  therefore  it  is  believed  that  the  poor 
correlation  is  due  to  the  test  data. 

At  the  2000  and  2160  propeller  rotational  speed  test  conditions, 
the  correlation  of  the  calculated  performance  with  test  data 
is  also  poor.  At  these  conditions,  the  tip  Mach  number  is  in 
excess  of  0.8,  and  it  would  therefore  appear  that  the  drag  rise 
used  in  the  strip  analysis  calculations  is  optimistic. 

The  available  comparisons  of  calculated  performance  and  test 
data  indicate  that  the  accuracy  of  the  predicted  performance 
is  good  at  those  conditions  where  the  propeller  is  operating 
in  incompressible  flow.  The  comparisons  of  the  calculated  and 
test  load  distributions  are  excellent  in  the  incompressible 
flow  range,  thus  giving  further  proof  of  the  good  accuracy. 

It  appears,  however,  that  when  the  tip  Mach  number  approaches 
one,  the  predicted  performance  is  high,  especially  for  the  pro¬ 
pellers  with  the  thicker  blade  sections. 

During  the  time  when  the  procedures  and  data  for  calculating 
propeller  performance  were  developed,  the  data  for  establishing 
compressibility  effects  was  in  question  due  to  wind  tunnel 
blockage  effects.  The  procedures  for  determining  the  proper 
free-stream  Mach  number  in  the  tunnel  and  the  corresponding 
flow  at  the  test  section  were  not  known.  The  result  of  this 
was  felt  to  be  a  premature  measurement  of  the  lift  and  drag 
divergence  on  airfoils.  Some  of  the  propeller  test  results 
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ware  believed  to  be  affected  by  the  same  problem, 


As  was  previously  noted,  an  attempt  was  made  to  adjust  the  air¬ 
foil  data  to  eliminate  the  effects  of  using  premature  lift  and 
drag  divergence  Mach  numbers.  However,  the  propeller  test  data 
was  not  corrected  for  any  blockage  problems,  and  it  is  there¬ 
fore  possible  that  the  comparison  at  high  tip  Mach  numbers  may 
not  be  valid.  Thus,  the  performance  comparison  may  be  more  ac¬ 
curate  at  the  higher  Mach  numbers  than  the  comparison  given  on 
Figures  109  to  119  would  indicate. 

For  those  propeller  /  rotor  installations  where  the  high-speed 
performance  is  critical,  the  procedures  and  data  given  in  this 
report  should  be  reviewed  and  refined  to  establish  the  neces¬ 
sary  accuracy.  As  the  induced  losses  are  small  at  the  high¬ 
speed  conditions,  the  accuracy  problems  associated  with  pre¬ 
dicting  performance  are  most  probably  associated  with  the 
prediction  of  the  profile  losses.  Thus,  the  problem  is  associ¬ 
ated  with  establishing  accurate  airfoil  data,  especially  at 
and  above  the  lift  and  drag  divergence  Mach  numbers. 

The  available  airfoil  data  obtained  since  the  compilation  of 
the  data  of  Appendix  IX,  Volume  III,  should  first  be  reviewed 
in  relationship  to  these  data.  Only  data  obtained  in  transonic 
wind  tunnels  where  blockage  problems  have  been  eliminated 
should  be  used  in  this  review.  Based  on  the  available  data  and 
the  difference  between  it  and  the  data  of  Appendix  II,  Volume 
III,  a  program  can  be  developed  testing  two-dimensional  air¬ 
foils  to  obtain  the  necessary  improvements  of  accuracy. 

Along  with  the  program  for  evaluating  the  newer  airfoil  data 
and  establishing  the  data  requirements  should  be  a  program  to 
reassess  the  propeller  test  data.  This  is  considered  to  be 
desirable  to  establish  the  data  suitable  for  establishing  the 
accuracy  of  the  calculated  performance,  and  take  advantage  of 
the  considerable  amount  of  high-speed  propeller  test  data  that 
has  been  run. 


PROPELLER  TEST  DATA  :  A  =  0  TO  180° 

When  analyzing  propellers  for  use  on  V/STOL  airplanes,  data  are 
needed  for  a  large  variation  of  operating  conditions.  It  is 
necessary  to  cover  a  large  range  of  shaft  angles  of  attack  as 
well  as  the  usual  range  of  power,  advance  ratio,  and  velocity, 
as  angles  in  excess  of  90  degrees  can  be  encountered,  especi¬ 
ally  when  operating  at  or  near  the  hover  condition.  For 
instance,  as  the  airplane  decelerates  to  the  hover  condition, 
the  shaft  angle  of  attack  will  often  exceed  90  degrees. 

The  available  test  data  for  propellers  operating  at  shaft  angles 
above  90  degrees  is  very  limited,  and  no  consistent  set  of 
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data  is  available  covering  the  full  range  of  angles.  Tests 
were  therefore  run  to  cover  the  range  of  operation  from  0  to 
180  degrees  for  low-advance -ratio  operating  conditions.  These 
tests  were  run  for  a  conventional  type  three-bladed  propeller 
model  originally  designed  for  use  on  a  Lockheed  Constellation 
airplane.  The  blade  characteristics  curves  showing  the  vari¬ 
ation  of  thickness  ratio,  design  lift  coefficient,  blade 
angle,  and  chord  as  a  function  of  radius  are  shown  on  Figure 
120. 


Propeller  Tests 

The  model  propeller  had  a  30-inch  diameter  and  was  tested  in  the 
University  of  Maryland  wind  tunnel.  The  model  was  powered  by 
a  dynamometer  with  sufficient  power  to  allow  tests  to  be  con¬ 
ducted  to  power  coefficients  of  .16.  This  range  is  considered 
adequate  for  most  propeller-driven  V/STOL  airplanes. 

To  cover  the  range  of  angles  of  attack, the  propeller  axis  was 
turned  in  the  horizontal  plane  or  yaw  direction.  This  mini¬ 
mized  tunnel  wall  effects,  as  the  tunnel  width  is  greater  than 
its  height,  thus  reducing  flow  blockage  effects.  The  propel¬ 
ler  dynamometer  was  designed  so  that  the  centerline  of  the 
propeller  remained  essentially  in  the  center  of  the  tunnel. 

A  strain  gage  balance  system  was  used  to  measure  the  forces 
and  moments.  The  forces  and  moments  measured  and  their  sign 
convention  are  shown  on  Figure  96.  The  forces  and  moments 
all  have  the  same  sign  convention  with  respect  to  the  propel¬ 
ler  disc  and  the  axis  of  rotation.  The  propeller  rotated  to 
the  right.  That  is,  the  propeller  rotated  clockwise  as  viewed 
from  the  rear. 


RESULTS 

The  results  of  the  tests  are  given  on  Figures  121  to  141  for 
thrust,  power,  normal  and  side  force  coefficients.  Figures 
142  to  162  cover  the  moment  coefficient  data.  The  data  covers 
blade  angles  measured  at  the  7 CPA  radius  of  8  to  20  degrees. 

Although  the  data  presented  on  Figures  121  to  163  is  believed 
to  be  accurate,  it  should  be  used  only  as  an  indication  of 
trends.  This  is  necessary  as  the  data  was  never  fully  analyzed 
and  checked.  However,  the  points  that  were  checked  appeared 
to  be  reasonable.  It  is  considered  desirable  to  run  and 
analyze  further  data  of  this  type  to  establish  the  performance 
at  the  higher  shaft  angles.  Detailed  comparisons  with  the  full- 
scale  data  of  Reference  45  would  be  desirable. 
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Integrated  Design 


Figure  120.  Characteristic  Curves  -  109652  Blade 


Figure  123.  Performance  at  40-Degree  Shaft  Angle  - 
Three-Blade  Propeller,  Blade  No.  109652 


Figure  126.  Pc-rfortsanoe  nt  85-Begrefe  Shaft  Angle  - 
Ihree-Blade  Propeller,  Blade  No.  109&52 


Figure  127.  Performance  at  90-Degree  Shaft  Angle  - 
Three-Blade  Propeller,  Blade  No.  109652 


Thrust  &  Power  Coefficient 


Figure  128.  Performance  at  95-Degree  Shaft  Angle  - 
Three-Blade  Propeller,  Blade  No.  109652 


J  -  Advance  Ratio 


Figure  129.  Performance  at  105-Degree  Shaft  Angle  - 
Three-Blade  Propeller,  Blade  No.  109652 


Advance  Ratio  -  J 


W 

Figure  133t  Performance  at  180-Degree  Shaft  Angle  - 
A  Three-Blade  Propeller,  Blade  No.  109652. 
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Advance  Ratio  -  J 


Figure  140.  Normal  Force  at  95-Degree  Shaft  Angle  - 
Three-Blade  Propeller,  Blade  No.  109652. 

Shaft  Angle  =  105° 


Figure  141.  Normal  Force  at  105 -Degree  Shaft  Angle  - 
Three-Blade  Propeller,  Blade  No.  109652. 
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Figure  144.  Pitching  Moment  at  60-Degree  Shaft  Angle 
Three-Blade  Propeller,  Blade  No.  109652. 

Shaft  Angle  =  75° 
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Figure  145.  Pitching  Moment  at  75-Degree  Shaft  Angle 
Three-Blade  Propeller,  Blade  No.  109652. 


Figure  146.  Pitching  Moment  at  85-Degree  Shaft  Angle 
Three-Blade  Propeller,  Blade  No.  109652. 
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Figure  148.  Pitching  Moment  at  95-Degree  Shaft  Angle  - 
Three-Blade  Propeller,  Blade  No.  109652. 


Shaft  Angle  =  105° 
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Figure  149.  Pitching  Moment  at  105-Degree  Shaft  Angle  - 
Three-Blade  Propeller,  Blade  No.  109652. 


Figure  150.  Pitching  Moment  at  120-Degree  Shaft  Angle 
Three-Blade  Propeller,  Blade  No.  109652. 


Advance  Ratio  -  J 


Figure  155.  Yawing  Moment  at  60-Degree  Shaft  Angle  ■ 
Three-Blade  Propeller,  Blade  No.  109652, 


Figure  156.  Yawing  Moment  at  75-Degree  Shaft  Angle  ■ 
Three-Blade  Propeller,  Blade  No.  109652 
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Figure  163.  Yawing  Moment  at  160-Degree  Shaft  Angle 
Three-Blade  Propeller,  Blade  No.  109652, 


COWLINGS  AMD  PROPELLER  SPINNERS 


Cowlings  and  spinners  are  used  on  propeller  airplanes  to  pro¬ 
vide  a  low-drag  nacelle  air  induction  system  for  cooling  radial 
reciprocating  engines.  Streamline  nose  installations  are  used 
for  liquid-cooled  engines.  In  each  of  these  installations,  it 
is  necessary  to  provide  low  external  drag  and,  in  the  case  of 
the  radial  engine, to  have  adequate  cooling  air  at  low  drag. 

The  importance  of  obtaining  engine  carburetor  air  at  high  ram 
pressure  levels,  in  order  to  obtain  maximum  engine  economy,  is 
a  separate  item  from  cowl  and  spinner  problems.  A  small  scoop 
for  carburetor  air  could  be  situated  conveniently  to  the  car¬ 
buretor. 

With  the  advent  of  the  turboprop  engine,  however,  comparatively 
large  quantities  of  charge  air  must  be  handled  for  the  engine 
at  generally  higher  ram  pressures.  Now  the  entire  cowling  in¬ 
let  or  large  scoop  must  be  used  to  handle  engine  charge  air,  and 
great  care  must  be  taken  in  the  cowling  spinner  selection  to 
provide  an  air  inlet  that  will  give  as  high  a  ram  pressure  re¬ 
covery  as  possible.  Figure  164  shows  the  effect  of  ram  pres¬ 
sure  loss  on  SHP  (shaft  horsepower)  and  S.F.C.  (specific  fuel 
consumption)  for  a  typical  turboprop  engine  (300  mph  ®  30,000 
ft  at  about  2,000  SHP).  For  the  older  round-shank  propellers, 
the  ram  pressure  loss  was  sometimes  on  the  order  10-25%.  Thus, 
if  these  propeller  shanks  operated  in  front  of  the  engine  air 
inlet,  a  severe  penalty  in  both  power  and  specific  fuel  con¬ 
sumption  could  arise,  as  shown  in  Figure  164.  For  this  reason, 
it  is  important  to  integrate  the  design  on  the  cowling,  spinner, 
and  blade  shank  so  that  the  best  overall  performance  is  obtained 
on  the  turboprop  installation.  The  following  discussion  deals 
with  the  design  concepts  briefly  and  presents  a  working  chart 
from  which  a  preliminary  cowling  spinner  design  can  be  evaluated. 


Spinner  Types  and  Selection 

For  the  subsonic  turboprop  airplane,  there  are  several  nacelle 
configurations  which  have  been  used.  These  are  shown  in  Fig¬ 
ure  165.  Arrangement  (a)  is  an  "E"  or  open-nose  spinner  used 
primarily  for  high-speed  operation  where  propeller  blade  shanks 
cannot  be  made  thin  enough  to  give  efficient  operation.  Very 
high  ram  pressure  recovery  may  be  obtained  here,  with  the  dis¬ 
advantages  of  weight  and  maintenance.  Configuration  (b)  indi¬ 
cates  a  "D"  cowl  and  spinner.  This  configuration  allows  high 
ram  efficiency  if  the  cowl  inlet  width  is  sufficiently  large 
to  minimize  spinner  boundary  layer  effects,  and  blade  shanks 
are  operating  with  unseparated  flow.  The  streamline  nose  type 
(c)  is  used  where  the  turbine  engine  has  an  extension  shaft. 
Wing  engine  air  inlets  used  here  are  affected  by  propeller 
slipstream  and  generally  can  be  designed  for  high  ram  recovery. 
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Figure  165.  Typical  Symmetrical  Cowling  and  Spanner 


The  underslung  scoop  type  (d)  may  be  used  where  the  engine  is 
offset  from  the  propeller  gearbox,  allowing  practically 
straight  flow  into  the  engine  but  beneath  the  streamline  nose 
spinner.  This  arrangement  allows  high  ram  efficiency  due  to 
large  depth  of  scoop.  The  scoop  type  inlet  can  also  be  placed 
above,  the  centerline  of  the  propeller  for  an  over-wing  engine 
installation.  At  high  angles  of  attach,  the  ram  recovery  is 
generally  less  than  with  the  under slung  scoop  inlet. 

Selection  of  the  actual  body  contours  for  an  optimum  cowling 
and  spinner  arrangement  for  a  propeller  turbine  installation 
may  be  made  analytically  using  one  of  a  family  of  cowling  and 
spinners  evolved  by  the  NACA  and  referred  to  as  NACA  1-series 
bodies,  reported  in  Reference  54  .  These  NACA  1-series  bodies 
are  cylindrical  and  have  a  contour  derived  by  calculation  and 
test  to  give  a  flat  pressure  distribution  so  desired  for  a 
high  critical  Mach  number.  Systematic  testing  of  over  88  NACA 
1-series  cov:ling  and  spinner  combinations  was  accomplished,  and 
a  cowling  selection  technique  using  this  series-1  contour  body 
was  reported  in  Reference  55  .  A  complete  table  of  coordinates 
and  a  cowl-spinner  drawing  showing  their  use  are  given  in  Fig¬ 
ure  166.  The  NACA  1-series  ordinates  are  always  given  in  a 
form,  for  example,  as  NACA  1-85-050,  where  the  85  stands  for 
diameter  ratio  d/D  in  %  and  d  =  cowl  inlet  or  spinner  maximum 
diameter  and  D  =  cowl  diameter,  and  the  50  stands  for  length 
ratio  x/D  in  %  where  x  =  cowl  or  spinner  length. 

Cowling  and  spinner  selection  charts  for  cowl  angle  of  attack, 
a =  0°,are  presented  in  Figures  167  and  168,  from  Reference  55. 
As  an  example  of  their  use,  assume  that  an  E  spinner  is  to  be 
designed  using  Figure  167.  The  required  information  for  spin¬ 
ner  selection  is  the  desired  critical  Mach  number,  Mcr,  the 
cowl  diameter  D  and  desired  length  x,  the  engine  air  require¬ 
ment  m,  and  air  inlet  area.  Assume  the  flight  Mach  number, 

M0  =  .75  =  Mcr  @  35,000'  and  m  =  45  Ib/sec.  A  cowl  diameter 
may  be  selected  to  clear  the  engine,  or  if  the  propeller  hub 
is  large  with  respect  to  the  engine,  a  selection  is  made  on  the 
basis  of  hub  and  blade  clearance  requirements  so  that  the  net 
spinner  duct  area  at  the  blade  centerline  is  equal  to  or 
greater  than  the  compressor  or  engine  air  inlet  area.  This 
will  allow  a  straight  or  convergent  duct  aft  to  the  engine  which 
minimizes  the  duct  loss.  The  inner  spinner  selected  to  cover 
the  hub  may  be  an  NACA  1-series  type.  Blade  fairings  are  used 
to  cover  round  propeller  shanks  and  to  enclose  the  struts  from 
inner  spinner  bulkhead  to  outer  spinner  shell.  Symmetrical 
airfoil  shapes  are  selected  whose  thickness  is  distributed  on 
the  local  relative  flow  helix  in  the  duct  as  determined  by  the 
duct  local  axial  velocity  and  the  rotational  velocity  at  the 
particular  sectional  radius.  Let  the  spinner  diameter  D  =  50 
Inches  and  length  X  =  35  inches,  or  X/b  =  .70.  We  find  the 
mass  flow  coefficient 


X  = 


x  _  Xs  D 
XS  -  T5"  D 


For 

Y  = 


r  =  0.025Y: 

D  1-2 

D-d  _ D 

°.05  “  2.05 


ORDINATE  RATIOS  IN  PERCENT 

x/X  or 

x/X  or 
Ys/ys 

x/X  or 
^s'^s 

x/X  or 

ys/*s 

x/X  or 

x/X  or 
Ys/^s 

x/X  or 

x/X  or 
Ys/ys 

0 

0 

13.0 

41.94 

34.0 

69.08 

60.0 

89.11 

.2 

4.80 

14.0 

43.66 

35.0 

70.08 

62.0 

90.20 

.4 

6.63 

15.0 

45.30 

36.0 

71.05 

64.0 

91.23 

.6 

8.12 

16.0 

46.88 

37.0 

72.00 

66.0 

92.20 

.8 

9.33 

17.0 

48.40 

33.0 

72.94 

68.0 

93.11 

1.0 

10.38 

18.0 

49.38 

39.0 

73.85 

70.0 

93.95 

1.5 

12.72 

19.0 

51.31 

40.0 

74.75 

72.0 

94.75 

2.0 

14.72 

20.0 

52.70 

41.0 

75.63 

74.0 

95.48 

2.5 

16.57 

21.0 

54.05 

42.0 

76.48 

76.0 

96.16 

3.0 

18.31 

22.0 

55.37 

43.0 

77.32 

78.0 

96.79 

3.5 

19.94 

23.0 

56.66 

44.0 

78.15 

80.0 

97.35 

4.0 

21.48 

24.0 

57.92 

45.0 

78.95 

82.0 

97.87 

4.5 

22.96 

25.0 

59.15 

46.0 

79.74 

84.0 

98.33 

5.0 

24.36 

26.0 

60.35 

47.0 

80.50 

86.0 

98.74 

6.0 

27.01 

27.0 

61.52 

48.0 

81.15 

88.0 

99.09 

7.0 

29.47 

28.0 

62.67 

49.0 

81.99 

90.0 

99.40 

8.0 

31.81 

19.0 

63.79 

50.0 

82.69 

92.0 

99.65 

9.0 

34.03 

30.0 

64.89 

52.0 

84.10 

94.0 

99.85 

10.0 

36.13 

31.0 

65.97 

54.0 

85.45 

96.0 

99.93 

11.0 

38.15 

32.0 

67.03 

56.0 

86.73 

98.0 

99.98 

12.0 

40.09 

33.0 

63.07 

58.0 

87.95 

100.0 

100.00 

Cowling  nose  radius: 

0.025Y 
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m,.  =  (m/  />0FV0)  =  .191 


M  =  required  engine  mass  flow,  slugs/sec 
eQ  =  air  density,  slugs/ft^ 

V0  =  airplane  velocity,  fps 


P  =  vDz/4  =  frontal  area  of  nacelle. 


Then,  from  Figure  167,  we  have  d/'D  =  62.5  or  the  inlet  diameter 
d  =  31.25  inches.  The  spinner  contour  determined  is  designated 
NACA  1-62.5-070.  This  spinner  will  have  Mcr  =  0.75  @  a  =  0°. 
The  drag  rise  Mach  number  will  be  of  the  order  .05  higher  or 
Mdr  approximately  0.80.  For  angles  of  attack  a=»0°,  a  larger 
4/D  is  required. 


A  similar  procedure  is  followed  in  determining  a  "D"  cowl  and 
spinner  combination  for  a  turboprop  engine.  First,  a  spinner 
diameter  is  selected  that  will  clear  the  propeller  hub.  The 
cowl  lip  and  end  of  ^pinner  are  then  assumed  to  be  located  be¬ 
tween,  1  and  2  inches  behind  the  most  rearward  position  of  the 
propeller  blade  trailing  edge.  The  cowling  diameter  to  match 
the  spinner  is  usually  selected  to  be  as  small  as  possible 
for  drag  reasons  and  yet  to  give  at  least  .075D  inlet  width  to 
minimize  spinner  boundary  layer  effects,  and  generally  allow 
matching  the  engine  air  inlet  and  cowl  inlet  areas.  Assume, 
for  example,  the  same  conditions  as  for  the  E  cowl  above,  and 
an  NACA  1-60-080  spinner  to  cover  the  propeller  hub.  Then, 
using  Figure  168  with  x/D  =  50  and  me  =  .191,  a  d/D  =  80  is 
obtained.  The  cowl-spinner  designation  is  then  NACA  1-60-080 
spinner  with  NACA  1-80-050  cowling.  This  will  give  Mcr  =  .75 
without  propeller  slipstream  effects. 


The  procedure  indicated  above  for  selection  of  both  E  and  D 
cowl  spinner  configurations  neglects  propeller  effects.  In 
general,  the  propeller  increases  the  air  velocity  over  the 
spinners  and  cowlings.  This  Increase  in  velocity  is  a  function 
of  the  propeller  thrust  being  produced  on  an  annular  segment 
of  air  passing  over  the  cowling  or  spinner.  Propeller  strip 
analysis  using  the  proper  local  velocity  field  due  to  the 
nacelle  body  is  used  to  calculate  the  thrust  produced.  The 
velocity  increase  due  to  the  thrust  is  calculated  using  momen¬ 
tum  theory,  Equation  (196). 


For  subsonic  propellers,  the  slipstream  effects  on  an  E  cowl 
are  in  general  small,  and  the  decrease  in  Mcr  is  usually  negli¬ 
gible.  For  the  D  cowl  spinner  configuration,  the  change  in  Mcr 
is  small  but  may  be  obtained  at  ’Higher  angles  of  attack  due  to 
the  slipstream  tending  to  reduce  the  effective  inflow  angle  at 
the  cowl  lip.  For  typical  supersonic  propellers,  slipscream 
effects  may  be  appreciable.  Here  the  slipstream  velocities 
may  Mcr  by  as  much  as  .05,  depending  of  course  on  the  blade 
loading. 
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In  designing  a  streamline  nose  propeller  installation,  an  NACA 
1-series  spinner  is  used  that  has  proper  hub  clearance  charac¬ 
teristics  and  e  critical  Mach  number,  Mcr»  The  procedure  for 
determining  M^r  if1  given  in  Reference  56,  where  the  surface 
pressure  coefficients  may  be  calculated  by  means  of  line  or 
point  source  distributions  representing  the  body  in  a  potential 
flow.  Corrections  for  compressibility  are  made  by  use  of  the 
Prandtl-Glauert  rule  by  stretching  the  body  in  the  stream 
direction  by  the  factor  (1/^1  -  m2),  finding  an  incompressible 
pressure  distribution  for  the  stretched  body,  then  correcting 
this  pressure  distribution  back  to  compressible  flow  by  the 
Prandtl-Glauert  factors  once  again. 

A  streamline  spinner  body  with  a  scoop  design  may  be  handled 
in  two  parts:  first  as  a  streamline  nose  to  determine  the 
desired  characteristics  of  that  portion  of  the  installation, and 
then  with  the  scoop  handled  as  though  it  were  an  NACA  D  cowl  and 
spinner  combination.  If  the  scoop  operates  with  a  thick  sur¬ 
face  boundary  layer,  special  precautions  must  be  taken  in 
bleeding  this  low-energy  air  away  from  the  scoop.  Some  indi¬ 
cation  of  the  proper  design  of  the  width— to -height  ratio  and 
edge  contour  characteristics  is  shown  in  Reference  58. 

The  design  of  an  open-nose  spinner  having  arbitrary  shape  to 
obtain  a  desired  Mcr  and/or  a  particular  velocity  distribution 
at  the  propeller  plane  may  be  handled  by  methods  indicated  by 
Kuchemann,  Ref  erences  59-63  .This  method  concerns  the  use  of 
axially  located  ring  source  distributions  duplicating  the  body 
with  vortex  rings  of  constant  density  over  a  stream  surface 
extending  to  infinity,  producing  the  required  circulation.  The 
design  of  a  streamline  nose  spinner  of  arbitrary  shape  may  be 
handled  quite  well  by  a  method  indicated  above;  Reference  58. 


Ram  Pressure  Recovery  for  Propeller  Spinners 

Ram  pressure  coefficient  referred  to  previously  is  defined  as 
(H  -  P0)/(Ho  -  Po)/  where  H  is  the  total  pressure  at  the  station  of 
interest, and  Ho  -  Po  are  free-stream  total  and  static  pressures 
respectively.  The  significance  of  attaining  high  ram  pressure 
coefficient  is  that  the  turbine  engine  compressor  efficiency 
drops  in  direct  ratio  to  a  drop  in  ram  pressure  coefficient. 

This  drop  in  compressor  efficiency  is  transmitted  through  the 
remainder  of  the  engine  and  appears  as  shown  in  Figure  164  as.  a 
drop  in  SHP  and  increase  in  S.F.C.  Other  effects  may  be 
associated  with  lev:  ram  .pressure  coefficients,  such  as  large 
dissymmetry  of  flow  at  the  compressor  face  causing  compressor 
blade  flutter. 

Calculation  of  ram  recovery  at  the  engine  air  inlet  may  be 
made  for  these  spinner  configurations.  For  the  E  spinner  de¬ 
signed  in  the  prescribed  manner  and  shown  in  Reference  54, 
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the  duct  losses  arise  mainly  from  shir  friction.  Possibility 
of  flow  separation  from  the  blade  fairings  is  minimized  by 
keeping  the  sections  reasonably  thin  (not  over  35%  h/b)  using 
generous  fillets,  designing  the  fairing  for  operation  at  zero 
lift  by  laying  its  axis  along  the  relative  helical  flow  of 
duct  air,  and  keeping  the  net  duct  area  from  diverging. 

For  the  D  cowl  and  spinner  designed  as  indicated  by  NACA  pro¬ 
cedure,  spinner  losses  will  arise  from  skin  friction  alone. 
Propeller  effects  may  be  found  by  strip  analysis  of  the  por¬ 
tion  of  the  blade  operating  in  the  charge  air  annulus.  Here 
the  flow-field  velocities  must  be  considered.  Generally  it 
is  satisfactory  to  consider  the  velocity  at  the  blade  center¬ 
line.  However,  if  the  velocity  gradient  into  the  cowling  is 
severe,  flow  separation  may  occur  over  the  rear  portion  of  the 
blade  section.  The  cowl  inlet  losses  back  to  the  engine  may 
be  handled  using  standard  duct  loss  calculations. 

Ram  pressure  recovery  for  the  scoop  type  installation  may  be 
analyzed  by  assuming  that  all  forebody  boundary  layer  air  has 
been  eliminated  by  suitable  bleed  or  scoop.  The  importance  of 
eliminating  the  boundary  layer  to  maintain  high  ram  recovery 
is  shown  on  Figure  169.  The  ram  pressure  at  the  inlet  will 
then  be  that  due  to  free  stream  plus  that  effect  due  to  the 
propeller,  which  may  be  obtained  as  indicated  above  by  strip 
analysis.  Generally,  the  scoop  is  deep  enough  to  allow  the  • 
propeller  to  give  some  pumping  action. 


Nacelle  Flow  Field  and  Propeller  Design 

The  axial  velocity  field  at  or  about  the  propeller  plane  for  a 
cruise  condition  is  affected  for  the  most  part  by  the  forward 
portion  of  the  nacelle  or  spinner.  For  certain  spinners,  the 
radial  variation  in  axial  velocity  may  be  of  sufficient  magni¬ 
tude  to  require  its  inclusion  in  propeller  strip  analysis. 

Typical  radial  velocity  distributions  in  the  propeller  plane 
are  shown  on  Figure  169.  For  the  E  spinner  and  D  cowl  and 
spinner  shown  in  Figure  170,  the  operating  conditions  are  zero 
angle  of  attack  and  Mq  =  .7  @  35,000'.  From  Figure  170  it  may 
be  seen  that  it  is  possible  to  obtain  a  substantial  velocity 
increase  over  the  inboard  portions  of  a  propeller  blade  oper¬ 
ating  with  an  E  spinner.  These  velocity  variations  spanwise  on 
a  propeller  require  a  blade  pitch  different  from  that  for  free- 
stream  operation  as  well  as  a  possible  change  in  h/b  to  allow 
more  efficient  operation  of  the  blade  shank  at  higher  local 
velocities. 

The  flow  fields  shown  in  Figure  170  have  been  calculated  by 
methods  and  data  of  Reference  68  ,  using  ring  vortex  sheets 
to  represent  the  body  in  a  potential  flow.  Compressibility 
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Figure  170.  Radial  Variation  of  Axial  Velocity  at  Propeller 


is  taken  into  account  by  use  of  the  Prandtl-Glauert  rule.  This 
method  of  determining  axial  velocity  at  the  propeller  plane  has 
been  checked  at  low  Mach  numbers  by  test;  Reference  68. 

From  the  preceding,  it  may  be  seen  that  the  spinner  flow  field 
may  seriously  affect  propeller  operation.  Thus,  it  becomes 
evident  that  this  effect  must  be  accounted  for,  either  by 
altering  spinner  design  or  propeller  pitch  and  h/b  distribution, 
in  order  to  arrive  at  an  optimum  configuration. 
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CONCLUSIONS 


From  a  review  of  the  material  presented  in  this  volume,  it  is 
concluded  that: 

1.  The  technology  is  available  to  design  high-performance 
propellers  for  subsonic  conventional  installations. 

2.  To  achieve  the  desired  performance,  it  is  important  to 
establish  the  proper  criteria  for  the  installation  of  the 
propeller. 

3.  The  present  propeller  qualification  procedures  should  be 
improved  to  assure  a  more  adequate  and  reliable  installation. 

4.  For  high  subsonic  speeds  of  .7  Mach  number  or  above, 
further  work  is  necessary  to  improve  calculation  accuracy. 

5.  Further  work  is  necessary  to  develop  and  refine  the 
methods  of  designing  and  calculating  the  performance  of  V/STOL 
propellers  operating  at  the  zero  velocity  or  hover  condition. 

6.  With  the  application  of  some  of  the  advanced  airfoils, 
important  reductions  of  propeller  size,  weight,  and  normal 
force  can  be  realized.  These  reductions  are  especially  im¬ 
portant  for  propellers  designed  for  STOL  and  V/STOL  aircraft. 
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